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EDITORIAL 


NextGen postdocs 


ostdoctoral scholars have been in the public eye 
of late. Less than a week after the National Post- 
doctoral Association (NPA) annual meeting last 
month, the U.S. National Academies of Sciences, 
Engineering, and Medicine (NASEM) released 
its report, “The Next Generation of Biomedical 
and Behavioral Sciences Researchers: Breaking 
Through.” The NPA’ss meeting agenda covered major 
challenges for improving the postdoc experience. The 
NASEM report introduced bold recommendations that 
address challenges inherent 
in the postdoc experience. 
There is obviously more to 
be done to ensure the tran- 
sition of postdocs to suc- 
cessful careers. 

The NASEM report ex- 
amines U.S. programs and 
policies that could support 
the next generation of re- 
searchers in the biomedi- 


Institutional Policy Report showed wide variances in 
personnel, programmatic funding, and training of- 
fered across 102 institutions, which correlate with NIH 
funding and the number of postdocs at a given institu- 
tion. Thus, the NPA continues to advocate for fund- 
ing to provide career exploration services, in addition 
to professional development training, to ensure that 
postdocs are prepared for their chosen career track. 

What about funding? The NASEM report and the NPA 
support more fellowships for early career researchers. 
This potentially requires an 
additional $1.1 billion dol- 
lars in NIH funding for these 
awards. Albeit at a lower 
capacity, a phased shift of 
funding toward early career 
researchers, who will sustain 
the research enterprise as se- 
nior researchers retire, could 
help in the meantime. 

The NASEM report’s rec- 
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cal and behavioral sciences. ommendation that the NIH tracy.costello@ 
It accurately identifies the phase in a cap (3 years) on moffitt.org 
nexus of career develop- salary support for postdocs 
ment, effective mentoring, funded by NIH research 
and adequate funding as key project grants (RPGs) is 
components to improving controversial. Two major 
postdoctoral training. Nota- assumptions regarding that 
bly, several NASEM recom- time frame are made: All 
mendations discuss career postdocs have access to suf- 
development training, em- ficient resources to facilitate 
phasizing how essential it “There is O bviously more to be career exploration and pro- 
is to ensure that postdocs ce fessional development, and 
receive training beyond done to ensure the transition all postdocs have access to 
technical skills—what the ” sufficient fellowship fund- 
NPA calls “core competen- of, Pp ostdocs to successfu l careers. ing to support an academic 
cies.” The good news is that career track. This recom- 
over 200 U.S. academic institutions have dedicated staff | mendation poses a major challenge because pursuing 
for this purpose. And like the NASEM report, the NPA | a tenure track faculty appointment often requires high- 
supports increased collection of outcomes data to de- | impact publications, early career funding, and suffi- 
termine the impact of career exploration, coaching, and | cient preliminary data for immediate RPG applications, 
professional development programs. which are historically difficult to achieve within 3 years. 
To support the NASEM recommendation for a | The NPA advocates adopting a 5-year term limit for an 
mechanism to facilitate career counseling, the NPA | individual’s postdoctoral training support; currently, 
encourages partnerships among federal funding agen- 54% of NPA member institutions adhere to this policy. 
cies, private foundations, institutions, and profes- Recommendations from the NIH’s Advisory Com- 
sional societies. Successful examples include diverse | mittee to the Director Working Group are imminent, 
experiential learning opportunities offered though the providing another chance to contemplate the future of 
U.S. National Institutes of Health (NIH) BEST Award | postdocs in science. Let’s maximize these opportunities 
pilot programs and postdoctoral scholarships funded | for progress. 
by professional societies. However, the 2017 NPA -Tracy J. Costello 
10.1126/science.aau1303 
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44 We can regrow your Neanderthal brain. 99 


Gray Camp, a cell biologist at the Max Planck Institute for Evolutionary 
Anthropology in Leipzig, Germany, in The Guardian. Camp is studying how 
Neandertal genes that persist in modern humans might affect brain development. 


I N B R I E F Edited by Jeffrey Brainard 


PUBLIC HEALTH 


Disputed HPV vaccine paper retracted 


oS 


These women and others in Japan called a vaccine dangerous, although evidence is lacking. 


cientific Reports last week retracted a controversial paper that 

claimed to link a human papillomavirus (HPV) vaccine to neuro- 

logical damage in mice. Critics had assailed the paper as “pseudo- 

science” that could have “devastating” health consequences in 

Japan by undermining public confidence in a childhood vaccine 

that can prevent cervical cancer. Public health officials in Japan 
and other countries worried the study seemed to provide scientific sup- 
port for anecdotal reports of alleged HPV vaccine side effects, includ- 
ing headaches and fatigue. Japan’s national government distributed 
the vaccine for free starting in April 2013 but then stopped recom- 
mending it in June of that year, in reaction to reports of purported side 
effects and criticism from antivaccine campaigners. Although the vac- 
cine is still provided for free, inoculations among girls plunged to near 
zero and have remained there. The retraction notice says that the pa- 
per, published online on 11 November 2016, “is not an appropriate ap- 
proach to determine neurological damage from HPV vaccine alone.” In 
the study, mice were given a large dose of the HPV vaccine along with 
a pertussis toxin that makes the blood-brain barrier leaky. The retrac- 
tion notice notes that the paper’s authors, led by Toshihiro Nakajima of 
Tokyo Medical University, “do not agree with the retraction.” 
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Europa’s plumes gain support 


PLANETARY SCIENCE | NASA's Galileo 
spacecraft may be dead, but it still has 
stories to tell. Fifteen years after the probe 
burned up in Jupiter’s atmosphere, a new 
analysis of magnetic and plasma data from 
the mission has bolstered evidence that 
Europa, the planet’s ice-bound moon, 

is venting water into space, according 

to a study published this week in Nature 
Astronomy. This phenomenon could 

help researchers hoping to discover 
whether Europa supports life or once did. 
Scientists believe Europa is home to a vast 
saltwater ocean trapped beneath a thick 
crust of ice, but sending a robot to land 
and drill through the ice for sampling 

is impractical. However, sensors aboard a 
robot probe named Europa Clipper, which 
NASA is planning to send to the moon 
within the next decade, could analyze the 
water plumes for clues to life. The new 
finding is based on data Galileo collected 
in 1997 during its closest pass of Europa. 
It adds to evidence collected in the past 
decade by the Hubble Space Telescope, 
which recorded faint clues that Europa 
ejects water in a region close to the one 
observed by Galileo. 


FDA targets stem cell treatments 


BIOTECHNOLOGY | Intensifying a crack- 
down on unapproved stem cell treatments, 
the U.S. Food and Drug Administration 
(FDA) last week asked a federal court 

to issue injunctions preventing two clinics 
from marketing their cellular products. 

The first, U.S. Stem Cell Clinic LLC, was 
previously warned by the agency that its 
therapy—cells obtained from a patient’s 
own fat intended to treat conditions includ- 
ing Parkinson’s disease, heart disease, 

and lupus—was a drug that required FDA 
review. Three patients went blind after 
getting eye injections at the company’s 
Sunrise, Florida, facility to treat macular 
degeneration. The second complaint targets 
the California Stem Cell Treatment Center, 
which has locations in Rancho Mirage and 
Beverly Hills, and the Cell Surgical Network, 
of which the treatment center is a member, 
for unauthorized treatments for conditions 
including cancer, arthritis, diabetes, and 
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VOLCANOLOGY 


Kilauea runs risk of a steam-driven explosion 


he steam watch is on at Hawaii’s Kilauea volcano, which 
has spewed lava almost continuously since 1983. But this 
month, more than a dozen new fissures opened, causing 
a lava lake at its summit to plummet and raising the risk 
of arare large explosion, scientists at the U.S. Geological 
Survey’s Hawaiian Volcano Observatory on Uwekahuna Bluff 
warned last week. Kilauea’s thin, runny lava tends not to trap 


stroke. In public responses to the suits, 
both the U.S. Stem Cell Clinic and the Cell 
Surgical Network argued that a person’s 
own cells should not be regulated as a drug. 


DNA banks reveal many cousins 


POPULATION GENETICS | The arrest of the 
alleged Golden State Killer last month 
dramatically illustrated how the rapid 
expansion of DNA ancestry databases has 
potentially provided police with clues to 


Number of people in DNA registries 
@AncestryDNA 
10,000,000 


23andMe @ Family Tree DNA @ MyHeritage 


investigate crimes. Police submitted a 
crime-scene DNA sample to a relatively 
small commercial database, GEDmatch, 
and identified about two dozen of the 
alleged killer’s relatives, which allowed 
them to construct family trees and home 
in on the suspect. A larger ancestry 
database, one containing DNA data from 
10 million people, could yield more than 
350 fourth cousins and nearly 200 third 
cousins, population geneticists Doc Edge 
and Graham Coop at the University 

of California, Davis, 
estimate in a post on 
their lab blog. Searching 
databases for more 
distant relatives might 


GEDmatch 


produce diminish- 
ing returns for police 
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because they would 
have to build and inves- 
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tigate even larger family 
trees, Coop and Edge 
write. The two largest 
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23andMe, are private, 
which means police can- 
not use them to match a 
suspect’s DNA without a 
court order. 
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The Hawaiian 
volcano’s lava lake 
could trigger an 
explosion hurling 
large boulders. 


the gases that lead to explosions. But as the lava lake drops, 
rocks falling from the sides of the volcano’s throat can block 
the hole like a cork. When the lava drops below the ground- 
water line, steam, rather than dissolving into the lava, can build 
up under the rock plug like a pressure cooker until an explosion 
is triggered. Such an eruption, which last occurred in 1924, 
could hurl refrigerator-size boulders into the air. 


From fuel plant to bombmaker 


NUCLEAR WEAPONS | After years of cost 
overruns, last week the U.S. Department 
of Energy (DOE) formally abandoned a 
project at DOE’s Savannah River Site 

in South Carolina to reprocess plutonium 
from dismantled nuclear weapons into 
fuel for nuclear power plants. Under 

a pact reached with Russia in 2000, the 
United States pledged to build the Mixed 
Oxide (MOX) Fuel Fabrication Facility 

to reprocess 34 metric tons of plutonium. 
Construction began in 2007, but DOE and 
Congress reconsidered when cost estimates 
grew to at least $17 billion. On 10 May, 
DOE announced plans to kill the MOX 
facility and convert it into a plant that 
could, by 2030, annually produce 

50 plutonium pits, the grapefruit-size 
triggers at the heart of nuclear weapons. 
The Savannah site would become the 
second U.S. location making the bomb 
cores, along with Los Alamos National 
Laboratory in New Mexico. The plan will 
require approval from Congress. 


Statistician faces Greek retrial 


LAw | The former head of Greece’s 
statistics agency, twice acquitted of 
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charges that he inflated the country’s 
budget deficits in a case that critics call 
politically motivated, faces a third trial 
because of a legal ruling this week. After 
the European Union bailed Greece out of 
a debt crisis in 2010, EU officials praised 
the defendant, Andreas Georgiou, 

for ending the Greek government’s past 
practices of underestimating budget 
deficits and for reporting higher ones that 
complied with international standards. 
Those moves angered Greek politicians, 
who accused him of inflating the 
estimates to justify the European Union’s 
calls for Greece to take fiscal austerity 
measures. Greek authorities charged 
Georgiou with making a false statement. 
On 14 May, the country’s Supreme Court 
overturned his latest acquittal and 
directed a lower court to decide whether 
he must undergo a third trial, according 
to The Wall Street Journal. The American 
Statistical Association in Washington, 
D.C., and other groups issued a statement 
this year asking Greek authorities to halt 
Georgiou’s prosecution. 


Detainees’ release raises hopes 


INTERNATIONAL RELATIONS | North 
Korea’s release of three Americans last 
week was good news for the country’s 
Pyongyang University of Science and 
Technology (PUST), where two of the 
prisoners had served on the faculty. 
Agricultural expert Hak-song Kim managed 
an experimental farm for PUST and Sang- 
duk “Tony” Kim taught accounting. Both 
were arrested in spring 2017 for alleged 
“hostile acts” against North Korea. PUST 
opened in 2010 as North Korea’s first 
privately funded university with a goal of 
contributing to its economic development. 
Another 40 or so Americans on the PUST 
faculty had to leave the country after U.S. 
President Donald Trump’s administration 
banned travel to North Korea by all U.S. 
citizens in September 2017. “We have 

very high hopes that because these three 
US. citizens have been released, the U.S. 
government will remove that travel ban,” 
says Chan-Mo Park, a computer scientist 
and PUST’s chancellor. 


PLANETARY SCIENCE 


Next Mars rover to launch eyes in the sky 


ASA's next large rover on Mars, set for launch in July 2020, will bring along a little 
buddy for the ride: a softball-size helicopter. The 1.8-kilogram autonomous drone 
will be the first to hover over another planet, giving scientists views over rusty 
hills near the rover’s landing site, NASA announced last week. The helicopter will 
be deployed from the belly of the SUV-size, $2.4 billion Mars 2020 rover before 
it rolls on to drill samples of the Red Planet's surface for eventual return to Earth. The 
chopper will achieve lift in the thin martian atmosphere by spinning its twin, counter- 
rotating blades 3000 times a minute, some 10 times faster than what’s needed in 
Earth's thicker air. NASA plans five flights of increasing duration over a month to test 
the helicopter’s ability to fly without active guidance from Earth. After the trials end, 


the rover will leave the helicopter behind. 
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Imagining how androids think 
How realistic are the androids on HBO's 
Westworld? The show's scientific adviser, 
David Eagleman, a neuroscientist at 
Stanford University in Palo Alto, California, 
spoke with Science about whether 

we should fear the robot uprising. Read 
a longer version of this interview at 
https://scim.ag/QAWestworld. 


Q: How did you get involved in the show? 
A: | asked who their scientific adviser 
was. Turns out, they didn’t have one. ... 
Then | went to [Los Angeles, California, ] 
and had a long session with the produc- 
ers and writers, for about 6 hours, maybe 
8, about free will and the possibility of 
robot consciousness. | also showed them 
some tech that I'd invented ... this vest 
with vibratory motors on it. That's now 
part of the season two plot. ... The real 
vest vibrates in response to sound, for 
deaf people, but in Westworld it serves a 
different purpose, giving the wearers an 
important data stream. 


Q: Can we make androids behave 

like humans, but without our selfish- 
ness and violence? 

A: | certainly think so. | would hate to be 
wrong about this, but so much of human 
behavior has to do with evolutionary 
constraints. Things like competition for 
survival and for mating and for eating. 
Androids would certainly show up with 
avery different psychology. It would be 
more of an acting job—they wouldn't 
necessarily have the same kind of emo- 
tions as us, if they had them period. And 
this is tied into the question of whether 
they would even have any consciousness 
—any internal experience—at all. 


Q: Are there any moments of especially 
humanlike behavior in the show? 

A: | describe the brain as a team of 
rivals. If | offer you strawberry ice 
cream, part of your brain wants to eat 
it, part of your brain says, “Don't eat 

it, you'll get fat,” and so on. One of the 
Westworld androids, Maeve, finally gets 
on a train to escape Westworld, and she 
decides she’s going back in to find her 
daughter. She’s torn. If the androids had 
a single internal voice, they'd be miss- 
ing much of the emotional coloration 
that humans have, such as regret and 
uncertainty. Also, it just wouldn't be 
very interesting to watch. 


S SCIENCEMAG.ORG/NEWS 
Read more news from Science online. 
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Se Araerial:-photo shows ancient linear 
roads that led to Pueblo Alto in Chaco 
Culture National Historical Park. 


Drilling threatens ancient Chaco landscape 


Lidar technology reveals ceremonial roads on land up for oil and gas development 


By April Reese 


bout 1000 years ago, indigenous 
people built an elaborate network 
of great houses, kivas, and grand 
roads centered on Chaco Canyon, in 
the middle of the San Juan Basin of 
present-day New Mexico. Today, the 
region is one of the nation’s most productive 
oil and gas basins. It is also the setting 
of a collision between burgeoning en- 
ergy development and archaeology, 
as new discoveries reveal the im- 
portance of the larger landscape in 
understanding Chacoan society. 
Taking advantage of advances in 
drilling technology, more than 4000 
new wells will be developed in the 
area in the coming years, predicts 
the Bureau of Land Management 
(BLM), which manages development 
of federal mineral resources. Late 
last month, a federal judge issued 
a decision that may encourage the 
sale of oil and gas leases and even- 
tual drilling near the Chaco Culture 
National Historical Park and known 
ancient roads. As a coalition of en- 
vironmental and tribal groups mulls 
an appeal, they also await a new 
management plan from BLM, due as x 
early as next month. With President 
Donald Trump’s administration push- 
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ing for more oil and gas development on 
public lands, they worry the new plan may 
favor development at the expense of cul- 
tural and environmental protection. 
Meanwhile, advances in remote sens- 
ing are revealing hundreds of previously 
unknown roads between Puebloan sites. 
As companies scrape well pads and ac- 
cess roads from the high desert scrub, 


Filling in a road map 


Aerial and historic photos have revealed some ancient roads in the 
Chacoan region, especially near the national park (mapped below), 
but lidar analysis uncovered at least 5 kilometers of previously 
unknown thoroughfares, implying a far more extensive network. 
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archaeologists fear they will erase ancient 
roads before they have been fully studied— 
or even detected. “This real intense develop- 
ment that they’e talking about essentially 
transforms the landscape into an industrial 
park,” said John Roney, an independent 
cultural consultant based in Albuquerque, 
New Mexico, who formerly worked for BLM 
and conducted the first aerial survey of 
Chaco roads. 

Although the park encompasses 
the largest pueblo, hundreds of 
smaller sites dot a 100,000-square- 
kilometer area surrounding the 
point where Arizona, Colorado, New 
Mexico, and Utah meet. Old aerial 
photos had traced roads extending 
from some sites (see map, left). But 
a 2017 paper in Advances in Archaeo- 
logical Practice revealed previously 
unknown roads. 

For this project, Anna Sofaer, an 
archaeo-astronomer who heads the 
nonprofit Solstice Project in Santa Fe, 
collaborated with Richard Friedman 
and Robert Weiner, who specialize 
in lidar, a technology that uses laser 
pulses from an airplane to reveal fine 
features on the landscape. Their analy- 
sis of three small areas near the park 
detected previously undocumented 
road segments and suggested that 
hundreds, perhaps thousands, of 
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ancient roadways traverse the San Juan 
Basin. The pilot study “told us what the 
potential would be for the whole Chaco re- 
gion,” Sofaer says. “Now we know that each 
of these great houses has spokes of roads 
[around it].” 

The lidar work also “helps us understand 
just how much effort went into creating 
what we think of as this greater Chacoan 
world,” adds Friedman, a Chaco expert and 
geographic information systems instructor 
at San Juan College in Farmington, New 
Mexico. “A 30-foot [9-meter] road ... took a 
lot of labor just to create.” 

Many of the roads are more than twice 
as wide as modern two-lane thoroughfares, 
even though Ancient Puebloans had no 
wheeled transportation or beasts of bur- 
den. Some roads lead to Chaco Canyon, the 
epicenter of Ancient Puebloan society and 
now the heart of the national park. Oth- 
ers seem to lead nowhere. When Sofaer 
and colleagues explored one newly iden- 
tified road from the ground, they found a 
mix of sherds from different pots strewn 
along the roadbed, lending credence to the 
theory that this road, at least, was for cer- 
emonial use. 

Few roads outside the park are protected. 
“Historically what was protected was the 
large building sites and the boundary 
around them” in the national park, Sofaer 
explains. “The question 
is how we protect the 
areas between the sites.” 

Although companies 


“This [development] 


sued BLM, arguing that it failed to protect 
cultural sites when approving drilling per- 
mits in the Chaco area. In the new ruling, 
Browning disagreed. He wrote that BLM 
only needed to survey the immediate area 
where the well would be drilled and that it 
had demonstrated that “Chaco Park and its 
satellites are outside of the wells’ APEs [ar- 
eas of potential effect].” 

That decision could bring the 26 sus- 
pended parcels back into play, says Kyle 
Tisdel, an attorney with the Taos, New 
Mexico, office of the Western Environmen- 
tal Law Center, which brought the suit on 
behalf of the groups. “I can imagine the 
judge’s ruling emboldening the [BLM] field 
office to further prioritize oil and gas,” he 
says. Meanwhile, New Mexico senators 
and indigenous groups are pressing BLM 
to place a moratorium on energy develop- 
ment in the area until the agency updates 
its 2003 resource management plan, which 
was crafted before heightened industry in- 
terest in the Mancos shale. 

Zach Stone, a spokesperson for BLM’s 
Farmington field office, says energy de- 
velopment has actually contributed to the 
archaeological record. He notes that BLM 
must conduct cultural surveys before drill- 
ing on a leased parcel can begin. “A lot of 
these sites would never have been found 
without oil and gas development, because 
we have to go out and 
look for them” before 
drilling starts, he said. 
BLM recently commis- 


hae Sas ene one is happening ‘just as a lidar aries 
gas from the basin for . ° or the area aroun e 
a century, development wer e discovering the park but has analyzed 
only recently spread larger landscape.” little of the data so far, 


into the Chaco area, 
after advances in di- 
rectional drilling and 
hydraulic fracturing allowed companies to 
coax oil and gas from the previously im- 
penetrable Mancos shale formation under- 
neath the region. In March, BLM planned 
to offer 26 parcels for lease to oil and gas 
companies. One grazes the periphery of a 
16-kilometer-wide temporary buffer that 
former President Barack Obama’s adminis- 
tration imposed around the park; another 
parcel lies near a site along the Great North 
Road, a 9-meter-wide thoroughfare that 
leads 50 kilometers straight north from 
Chaco Canyon. After a Navajo group and 
environmental groups protested the leases, 
Secretary of the Interior Ryan Zinke sus- 
pended the sale. 

On 23 April, however, Judge James 
Browning of the U.S. District Court for the 
District of New Mexico issued a ruling that 
may have implications for those shelved 
parcels. In 2015, environmental groups had 
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and it’s unclear whether 
the data will inform the 
new management plan. 

Friedman says BLM’s ground surveys 
may miss the subtle signs of ancient roads. 
Sofaer estimates that as many as 80% of 
roads are still undocumented, and she 
fears that without costly lidar analysis, they 
never will be. Her team’s $600,000 proj- 
ect to conduct a lidar survey of Chacoan 
lands in southeastern Utah failed to find 
funding. In March, BLM leased several 
parcels there, at least one of which abuts 
a Chacoan great house and, perhaps, roads 
that have yet to be found. “This [develop- 
ment] is happening just as we’re discover- 
ing the larger landscape,” she says. 

Friedman is taking matters into his own 
hands: He recently acquired BLM’s full li- 
dar data set and will begin combing it for 
more roads in the area around the park. 
“That’s in my spare time,” he says. 


April Reese is a journalist in Santa Fe. 
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Vaccine trial 
launched to 
stop Ebola 


Fast response greets new 
Congo outbreak 


By Jon Cohen 


he first ever effort to use a vaccine to 

stop an Ebola outbreak in its initial 

stages is taking shape in the Demo- 

cratic Republic of the Congo (DRC). 

The international response to health 

emergencies in sub-Saharan Africa 
is often maddeningly slow. But this time 
around, international agencies and the DRC 
government sprang into action, hoping to 
quickly extinguish the outbreak. 

“Everything is organized,’ says virologist 
Yap Boum, who works with Doctors Without 
Borders (MSF) and is helping launch the vac- 
cine effort. Boum, who lives in Yaoundé, Cam- 
eroon, began planning his trip to the DRC as 
soon as it confirmed on 8 May that two Ebola 
cases had occurred in the remote Bikoro 
health district in the Equateur province. 

By tracing contacts between the infected 
people and others who had Ebola symptoms, 
such as high fevers and diarrhea, the DRC’s 
Ministry of Public Health (MOPH) deter- 
mined that the virus has likely been spread- 
ing since early April. As Science went to press, 
a total of 25 other probable cases and 14 sus- 
pected ones had been identified in Bikoro 
and two adjacent health districts. Nineteen 
of these people have died. 

Boum says the most alarming news from 
the DRC so far is that two of the prob- 
able cases are in Mbandaka, a port city of 
1.2 million people. “The possibility of the virus 
spreading is huge,” adds Boum, noting that 
while Ebola is incubating undetected—which 
can take several weeks—the victim is already 
infectious. DRC President Joseph Kabila has 
authorized MOPH to use every tool at its 
disposal, including the experimental vaccine 
against Ebola, which worked spectacularly 
well in a clinical trial that Boum helped run 
in Guinea in 2015 at the tail end of the recent 
West African epidemic. 

The World Health Organization (WHO) 
also acted quickly, immediately sending 
a team to the DRC to coordinate the re- 
sponse, which includes improved surveil- 
lance, introduction of safe medical and burial 
techniques, and the establishment of quar- 
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antine units operated by MSF and others. 
WHO Director-General Tedros Adhanom 
Ghebreyesus even visited Bikoro last week. 
WHO has been heavily criticized for its slow 
response to the West African epidemic, the 
worst Ebola outbreak on record, which sick- 
ened more than 28,000 people and killed an 
estimated 11,310 before traditional contain- 
ment efforts ended it. 

The DRC considered using the vaccine 
for an Ebola outbreak last year, but it met 
with hurdles including importing the vac- 
cine and uncertainty about whether the vi- 
rus had moved beyond remote villages. “This 
time theyre much better prepared,” says 
Seth Berkley, who heads Gavi, the Vaccine 
Alliance, a nonprofit based in Geneva, Swit- 
zerland, that purchased a stockpile of the ex- 
perimental vaccine and is providing financial 
assistance to the DRC. 

The vaccine consists of a harmless live- 
stock virus genetically engineered to display 
Ebola surface proteins. It is made by Merck 
and not yet licensed for use by any country, 
but can be given as part of a trial under what 
are known as compassionate use regulations. 
The trial protocol, approved by the DRC last 
year, relies on a “ring” strategy in which only 
people who have come in contact with cases, 
their contacts, health care workers, and other 
front-line responders are vaccinated. At 
press time, surveillance teams had identified 


“The possibility of the virus 
spreading is huge.” 
Yap Boum, Doctors Without Borders 


393 contacts. Some 8000 doses are being 
shipped to the DRC from WHO’s Geneva 
headquarters and Merck’s U.S. storage site. 
Special Arktek containers have arrived that 
can maintain the vaccine at below freezing 
temperatures for travel to remote locations. 

MSF will sponsor the trial in collabora- 
tion with investigators from the DRC’s health 
ministry. The team will follow vaccinated 
people for 84 days to assess whether any de- 
velop Ebola and to evaluate side effects. 

The vaccine is but one of many tools be- 
ing wielded to stop the outbreak as quickly 
as possible. All told, Gavi, WHO, the United 
Nations, and the Wellcome Trust have com- 
mitted about $8 million to the DRC response, 
which includes sending mobile laboratories 
and equipment to the affected region, parts 
of which cannot be reached by car. “It’s abso- 
lutely a dire scene in terms of infrastructure,” 
said Peter Salama, who heads WHO’s Health 
Emergencies Programme. “This is going to be 
tough and it’s going to be costly to stamp out 
this outbreak.” 
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The chicken in 
this nugget never 
clucked; it was 
cultured from cells. 


BIOTECHNOLOGY REGULATION 


U.S. lawmakers float plan to 
regulate cultured meat 


Should agency that regulates meat from farms also oversee 
tissue grown from cells in bioreactors? 


By Kelly Servick 


new wave of burgers and nuggets 

made of meat grown from cultured 

animal cells is heading to grocery 

shelves and restaurant menus in 

coming years. But these products of 

so-called cellular agriculture pres- 
ent a regulatory conundrum: Who should 
monitor the safety of food that comes from 
a culture medium, not a field? 

Last week, lawmakers in the U.S. House of 
Representatives offered one answer, adding 
language to a draft spending bill that would 
put the Department of Agriculture (USDA) 
in charge of overseeing the manufacturing 
and labeling of cultured meat. But some 
lawmakers and industry groups argue the 
move could result in unnecessary new rules, 
and say the language was drafted with little 
input from food specialists or affected com- 
panies. “We should allow experts to weigh 
in before taking on this major policy” step, 
said Representative Rosa DeLauro (D-CT) 
during a 9 May hearing on the bill, which 
would set USDA’s 2019 spending levels. 

Unlike plant-based meat imitations that 
are already on the market, cultured meat 
starts with cells taken from livestock or 
poultry, which are then coaxed to grow 
into strands of muscle. Since the theatrical 
unveiling of the first lab-grown beef patty 
5 years ago (Science, 9 August 2013, p. 602), 
several companies have crafted prototypes 
and announced plans to market products 
within 5 years. 

Cultured meat proponents say the tech- 
nology would spare animals from slaugh- 
ter, require less energy and land, and emit 
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fewer greenhouse gases than conventional 
meat production does. But its impending ar- 
rival has sparked disputes over what actually 
counts as meat. In February, the U.S. Cattle- 
men’s Association in Washington, D.C., asked 
USDA to prevent cultured meat companies 
from labeling their products as “beef” or 
“meat,” and to restrict those terms to prod- 
ucts taken from animals “born, raised, and 
harvested in the traditional manner.” 

USDA is responsible for ensuring the 
quality of meat, poultry, and egg prod- 
ucts, but some experts question whether it 
has the expertise to oversee cultured meat 
manufacturing—a process very different from 
the feedlots and slaughterhouses familiar to 
USDA inspectors. The manufacture of new 
meat products could more closely resemble 
that of therapies made from human cells and 
tissues, which the Food and Drug Adminis- 
tration (FDA) oversees. FDA is also responsi- 
ble for the safety of processed foods, seafood, 
and genetically engineered animals. It’s not 
yet clear what process either agency might 
use to assess the safety of cultured meat. 

Opponents of the House provision will 
have several opportunities in coming weeks 
to remove it from the bill. And even if it sur- 
vives, the Senate and the White House will 
have to agree to any new policy. 

In the meantime, other countries are also 
contemplating cultured meat regulations. 
In the European Union, rules that went into 
effect in January declared cultured meat 
to be a category of “novel food” that can 
be marketed there if regulators decide it is 
safe, nutritionally equivalent to a food it is 
intended to replace, and labeled “so as not 
to mislead consumers.” 
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High altitude may have driven 
Short stature in Peruvians 


Study reveals new gene with a major impact on height 


By Elizabeth Pennisi, in Cold Spring Harbor, 
New York 


undreds of genes influence how 
tall a person is, but most make an 
imperceptible difference—perhaps 
a millimeter, for example. Now, a 
group studying the genetics of Pe- 
ruvians, one of the world’s shortest 
populations, has turned up a gene variant 
that cuts a person’s height by more than 
2 centimeters, on average. “It’s amazing that 
they saw such a change,” says Emma Farley, 
a genomicist at the University of California, 
San Diego. “It’s quite a large effect.” 
Geneticists have diligently pursued genes 
for height; a 2014 analysis called GIANT ex- 
amined 250,000 people. “That you can still 
pull out new players is very exciting,” says 
Elaine Ostrander, a geneticist at the Na- 
tional Human Genome Research Institute 
in Bethesda, Maryland. “It speaks to the 
value of looking at isolated populations.” So 
far, the gene variant is not known outside 
Peru, where the demands of living at high 
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altitude may have driven its evolution, but 
it could offer clues about how other muta- 
tions influence height. 

Postdoc Samira Asgari and Soumya 
Raychaudhuri’s team, all at Harvard Medi- 
cal School in Boston, originally wanted 
to know how a person’s DNA influences 
the severity of tuberculosis. Together with 
epidemiologist Megan Murray’s team 
at Partners in Health in Lima, they col- 
lected genetic information from 4002 
residents there, along with other data in- 
cluding height. Peruvians are among the 
shortest people in the world, with men 
averaging 165 centimeters and women 
reaching about 153 centimeters—in both 
cases about 10 centimeters shorter than 
average people in the United States and 
15 centimeters shorter than the Dutch, gen- 
erally regarded as among the world’s tallest 
people. So the team decided to search the 
DNA data for genetic factors underlying 
this short stature. 

First, Asgari assessed the ancestry of their 
subjects by comparing their DNA to genomes 
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Peruvians are among the world’s shortest people, 
and one gene variant may explain why. 


of Africans, Europeans, and Native Ameri- 
cans. Peruvians are about 80% Native Ameri- 
can, 16% European, and 3% African, she 
reported last week at the Biology of Genomes 
meeting here. “The more Native American 
ancestry, the shorter they were,” she said. By 
correlating variation in the Native American 
portion of each person’s genome with their 
height, Asgari found a specific gene variant 
that seems to influence the trait. 

Short Peruvians have a version, or allele, 
of a gene called FBNI that differs by one 
base from the gene’s usual DNA sequence. 
That subtle shift alters an amino acid 
in a carbohydrate-coated protein called 
fibrillin-1, which provides structural sup- 
port in connective tissue. Other FBNI mu- 
tations are known to affect height in rare 
disorders: Marfan syndrome, which affects 
the skeleton, heart, and eyes and generally 
produces tall, thin people; and “stiff skin” 
syndrome, marked by shortness and a very 
thick, hard skin. This gene’s new link to 
overall height “logically connects to [its] 
biology,’ Farley says. 

Most of the 700 or so other genes tied to 
height can, with their individually small ef- 
fects, together explain only about 7% of a 
Peruvian’s height. The new allele accounts 
for another 1% all by itself, the researchers 
estimate. A person carrying just one copy 
of this FBNI variant is about 2.2 centi- 
meters shorter than people with different 
versions of the gene and those with two cop- 
ies can be more than 4 centimeters shorter, 
Asgari reported. 

Her group estimates that 5% of Peruvi- 
ans carry the newly identified FBN/ allele, 
suggesting that evolution has favored short 
stature and perhaps thick skin among Peru- 
vians. Many live at high altitudes, and ani- 
mal studies show that species living at such 
elevations tend to be smaller, an apparent 
evolutionary adaptation to the scarcity of 
food in those places. Thick skin might also 
protect the body from the strong ultraviolet 
light at high altitudes. 

Kousik Kundu, a genomicist at the Well- 
come Sanger Institute in Hinxton, U.K., re- 
mains cautious about the role of this gene 
variant, calling for Asgari to get more de- 
tailed sequence data from her Peruvian sub- 
jects and to study larger populations there. 
Asgari also wants to study other short peo- 
ple, such as some groups in the Middle East, 
to see whether the same allele is at work 
elsewhere. With further genetic analysis, 
says geneticist Sarah Tishkoff at the Univer- 
sity of Pennsylvania, Asgari might be able to 
say when the shortness variant arose. “It’s a 
really cool story in the making.” m 


sciencemag.org SCIENCE 


PHOTO: HADYNYAH/GETTY IMAGES 


Blog ‘og Aew uo /Bi0'Bewaousios a0ua!0s//:dyyy Wodj pepeojuMoq 


IMAGE: (X-RAY) NASA/CXC/UNIVERSITY OF AMSTERDAM/N. REA ETAL.; (OPTICAL) DSS 


NUCLEAR PHYSICS 


Neutron stars’ quark matter not so strange 


Calculation also casts doubt on existence of Earth-gobbling strangelets 


By Adrian Cho 


ithin a neutron star—the remains 

of an exploded, middle-weight 

star—pressures climb a billion 

billion times higher than in the 

sun’s core. For decades, some 

theoretical physicists have specu- 
lated that under those conditions, a bizarre 
type of matter might emerge: a soup of the 
subatomic particles called quarks. Now, a 
new analysis indicates the recipe for that 
soup, called cold quark matter, needs re- 
vision. If correct, it suggests that particle 
accelerators on Earth might be able to 
produce stable bits of the quark 
matter. It also would put the ki- 
bosh on hypothetical particles 
called strangelets, which fear- 
mongers once claimed could de- 
stroy the world. 

“Tt’s a speculative argument, but 
there is nothing obviously wrong 
with it,’ says Robert Pisarski, a 
nuclear theorist at Brookhaven 
National Laboratory in Upton, 
New York, who was not involved 
in the work. 

Atomic nuclei consist of pro- 
tons and neutrons, which them- 
selves consist of trios of up and 
down quarks—two of the parti- 
cles’ six “flavors’—bound tightly 
by the strong nuclear force. Since 
the 1970s, some theorists have 
predicted that under extreme 
pressures like those in the hearts 
of neutron stars, quarks might 
break free of their strong-force 
chains to create a soup of cold 
quark matter. They also pre- 
dicted that the soup’s ingredients would 
differ from those of protons and neutrons. 
Their calculations suggested that to mini- 
mize its energy, quark matter should in- 
clude a third flavor of quarks known as 
strange quarks. 

Even though strange quarks emerge 
only fleetingly in collisions at particle ac- 
celerators, calculations suggested that such 
strange quark matter might have a lower en- 
ergy than ordinary nuclear matter has. That 
means that specks of strange quark matter, 
or strangelets, could be stable and that, in 
principle, ordinary nuclei could change into 
them. That transformation would require 
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simultaneous conversions of up and down 
quarks to strange quarks—something un- 
likely to happen spontaneously in the age 
of the universe. But strangelets generated in 
cosmic rays or lingering from violent astro- 
physical events might survive indefinitely. 
Scientists have searched for them in many 
ways, so far unsuccessfully. 

Now, Bob Holdom, a nuclear theorist 
at the University of Toronto in Canada, 
and his colleagues say they have banished 
strange quark matter with better estimates 
of how, through quantum effects, quarks 
change the energy of the vacuum of space 
itself, a key component of quark matter’s 


At its center, a supernova remnant harbors a neutron star, thought to contain a 
soup of quark matter. A new study suggests the soup may lack strange quarks. 


total energy. “Our model allows us to see 
how the vacuum energy depends on the 
flavor of the quark,” Holdom says. Mixing 
in strange quarks incurs a bigger energy 
penalty than previously thought, so high 
that cold quark matter should consist of 
just up and down quarks, the research- 
ers report in a paper in press at Physical 
Review Letters. 

Atomic nuclei clearly don’t readily con- 
vert into up-down quark matter either. 
The team calculates that for masses below 
about 300 times that of the proton, ordi- 
nary nuclei are stable because effects akin 
to surface tension increase quark matter’s 
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energy. However, if experimenters striving 
to make new superheavy elements could 
push up in mass just a bit beyond the 
heaviest nucleus spotted yet—oganesson, 
with an atomic mass of 294—then they 
might make stable nuggets of up-down 
quark matter, the theorists predict. 

Is this the end for strange quark matter? 
Probably not, Pisarski says. The theory of 
quarks is so mathematically intractable 
that, like everybody else, Holdom had to re- 
sort to approximate models, he says. Laura 
Paulucci, an astrophysicist at the Federal 
University of ABC in Sao Paulo, Brazil, 
adds that the analysis also doesn’t quite 
rule out strange quark matter in 
neutron stars, where the density 
should be significantly higher 
than the theorists assume. “I’m 
not sure the theory they’re using 
is adequate” for the conditions 
in neutron stars, she says. 

Still, the study may be good 
news for scientists hunt- 
ing stable quark matter, says 
Evan Finch, an experimenter 
at Southern Connecticut State 
University in New Haven who 
has searched for strangelets by 
running moon dust through a 
mass spectrometer and looking 
for particles with odd charge- 
to-mass ratios. “There’s a sug- 
gestion that maybe we’ve been 
looking in the wrong place” for 
quark matter, he says. “I’m a bit 
skeptical, but it’s fun.” 

The new picture of cold quark 
matter could also dispel a far- 
fetched threat to the world. 
Opponents of the Large Had- 
ron Collider in Switzerland had argued 
that the atom smasher might produce 
negatively charged strangelets that would 
gobble up positively charged atomic nuclei 
in a runaway process. Physicists had coun- 
tered that if such a catastrophe were pos- 
sible, strangelets from space would have 
long since consumed the planet. Up-down 
quark matter would definitively rule out 
the doomsday scenario: It should be posi- 
tively charged and repel atomic nuclei. 

Still, a nugget of the stuff could be use- 
ful, Holdom says. Bombard it with neutrons 
and it would convert them to quark matter 
while generating energy, he predicts. 
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ASTRONOMY 


China’s moon mission is set to 
probe cosmic dark ages 


Radio quiet environment near the moon will help Dutch- 
Chinese experiment explore time before the first stars 


By Daniel Clery 


n 21 May, China plans to launch a 
satellite with a vital but unglamor- 

ous mission. From a vantage point 
beyond the moon, Queqiao, as the 
satellite is called, will relay data from 
Chang’e 4, a lander and rover that is 
supposed to touch down on the lunar far 
side before the end of the year. But a Dutch- 
made radio receiver aboard Queqiao will 
attempt something more visionary. In the 
quiet lunar environment, it will listen to the 
cosmos at low frequencies that carry clues 
to the time a few hundred million years af- 
ter the big bang, when clouds of hydrogen 
gas were spawning the universe’s first stars. 
The mission is a proof of principle for 
other efforts to take radio astronomy above 
the atmosphere, which blocks key radio 
frequencies, and far from earthly interfer- 
ence. “Putting the whole show into space is 
extremely appealing,” says Michael Hecht of 
the Massachusetts Institute of Technology’s 
Haystack Observatory in Westford, whose 
team is also developing small radio satellites 
that could be used to probe the cosmos. For 
Europe’s astronomers, it is also a test of co- 
operation with China, something their U.S. 
counterparts at NASA are barred from doing. 
The Netherlands-China Low-Frequency 
Explorer (NCLE) project stems from a 2015 
Dutch trade mission to China, during which 
the two countries agreed to collaborate on 
space missions. The Netherlands is strong in 
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radio astronomy: Its Low-Frequency Array 
(LOFAR) stretches across much of northern 
Europe (Science, 7 November 2014, p. 688). 
NCLE Principal Investigator Heino Falcke, 
of Radboud University in the Netherlands, 
has long advocated a “LOFAR on the moon.” 
China has an ambitious program of moon 
missions, so he jumped at the chance to 
take a first step. “We put together a pro- 
posal in 2 weeks,” he says. Once funded, the 
team had just 1.5 years to build the instru- 
ment. “Half of the experiment is how you 
work together” Falcke says. Jinsong Ping of 
the National Astronomical Observatories 
of China in Beijing, who leads the Chinese 
team working on the NCLE, agrees: “It is 
really challenging both sides. ... Different 
culture, habit, language, working manner.” 

To see back into the dark age before the 
first stars, astronomers look for a signal 
emitted when electrons in the primordial 
neutral hydrogen gas spontaneously flipped 
their orientation. These photons started out 
with short radio wavelengths, but over their 
more than 13-billion-year journey to Earth, 
the universe’s expansion stretched them out 
to long wavelengths, or low megahertz fre- 
quencies. After the gas clumped together to 
form the first stars, their radiation ionized 
the neutral gas and eventually snuffed out 
the faint signal. 

Telescopes such as the LOFAR aim to de- 
tect the ancient signal and use it to map the 
distribution of primordial matter. But the 
signal is hard to discern in the maelstrom 
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The lunar far side, always in shadow from Earth, can 
protect radio astronomy instruments from noise. 


of radio noise from terrestrial sources and 
other objects across the universe. Only 
one detector, the Experiment to Detect the 
Global Epoch of Reionization Signature, a 
set of ground-based antennas in Austra- 
lia, has so far claimed a detection (Science, 
2 March, p. 969). 

Queqiao, orbiting a gravitational balance 
point beyond the moon called L2, will of- 
fer a quieter vantage. In order to relay sig- 
nals from the moon to Earth, the satellite 
can’t be completely in the moon’s shadow, 
which means that Earth noise could still be 
a problem, says Jack Burns, an astronomer 
at the University of Colorado in Boulder 
who has long campaigned for a lunar radio 
observatory. Burns adds that the spacecraft 
itself will also be a source of interference. 
But by testing hardware in space, the NCLE 
“will set the stage for other missions.” 

Once Queqiao arrives at L2, the NCLE 
will wait its turn until after the Chang’e 4 
lander has achieved its main mission: ex- 
ploring the South Pole-Aitken Basin, a huge 
far side depression. Then, around March 
2019, the instrument will unspool three 
5-meter-long carbon-fiber antennas, each at 
right angles to the others. 

Because Earth’s atmosphere blocks all 
radio signals below 30 megahertz, the data 
will delight a range of astronomers. Falcke 
says the team will study solar flares, the 
aurora of Jupiter, and the galaxy’s radio 
emissions. “There’s nothing as good as hav- 
ing real data,” he says. The dark age signal 
is a long shot, he admits. Realistically, the 
mission is about “gaining expertise to build 
a follow-up.” 

The Chinese NCLE team has its own 
plans. It has placed basic receivers on the 
Chang’e 4 lander and two microsatellites 
that Queqiao will release into lunar orbit to 
study solar radio bursts. Ping says his team 
will also try to combine signals received 
by the NCLE with those taken by earth- 
bound detectors—a technique known as 
interferometry, which can improve reso- 
lution. “It is a demonstration,” he says. It 
could show that, once detectors are sen- 
sitive enough, interferometry could help 
them map the newborn universe. 

Burns and his colleagues are working on 
a proposal for a small satellite called the 
Dark Ages Polarimetry Pathfinder, which he 
says will be more sensitive to the dark age 
signal. But eventually, he wants to see an 
observatory on the lunar far side, deep with 
the moon’s radio quiet shadow. He predicts 
a NASA-funded low-frequency telescope in 
the next 5 years. “There’s great interest in 
the far side.” 
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ARTIFICIAL INTELLIGENCE 


Boycott highlights Al's publishing rebellion 


Researchers shun traditional journals for conference papers and open-review websites 


By Matthew Hutson 


omputer science was born of a rebel- 

lious, hacker culture, a spirit that lives 

on in the publishing culture of artifi- 

cial intelligence (AI). The burgeoning 

field is increasingly turning to con- 

ference publications and free, open- 
review websites while shunning traditional 
outlets—sentiments dramatically expressed 
in a growing boycott of a high-profile AI 
journal. As of 15 May, about 3000 people, 
mostly academic computer scientists, had 
signed a petition promising not to submit, 
review, or edit articles for Nature Machine 
Intelligence (NMI), a new journal from the 
publisher Springer Nature set to be- 
gin publication in January 2019. 

The petition, signed by many 
prominent researchers in AI, is 
more than just a call for open ac- 
cess. It decries not only closed- 
access, subscription-based journals 
such as NMI, but also author-fee 
publications: open-access journals 
that are free to read but require re- 
searchers to pay to publish. Instead 
the signatories call for more “zero- 
cost” open-access journals. 

The purpose of the boycott is 
“to lower the barriers to research 
progress” for resource-strapped sci- 
entists, says Thomas Dietterich, a 
computer scientist at Oregon State 
University in Corvallis, who began 
the boycott last month. The field is 
moving too fast for traditional publishing, 
and Al’s potential for both great benefit and 
great harm requires openness, he says. “Lock- 
ing up our research papers behind a paywall 
would make public scrutiny more difficult.” 

Paul Ginsparg, a physicist at Cornell Uni- 
versity and founder of the preprint reposi- 
tory arXiv, where computer scientists often 
publish, applauds what he calls “a principled 
stand.” But, he adds, “I personally have no 
animus towards the subscription model.” 
And he thinks the petition signers may have 
unrealistic hopes for zero-cost journals. Serv- 
ers are cheap, but “systematic quality control 
is labor-intensive, and that costs real money.” 

Springer Nature is not backing away 
from its plans for the journal, Susie 
Winter, a Springer Nature spokesperson in 
London, said in a statement. “At present, 
we believe that the fairest way of produc- 
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ing highly selective journals like this one and 
ensuring their long-term sustainability as a 
resource for the widest possible community 
is to spread the associated costs among many 
readers.” Dietterich says he did not include 
Springer Nature’s flagship journal, Nature, in 
the boycott because computer scientists tend 
not to publish in general-interest journals 
anyway. (Google DeepMind, which published 
prominent papers on its AlphaGo AI in Na- 
ture, is an exception, although multiple Deep- 
Mind employees have signed the boycott.) 
Journals from nonprofit societies such as 
AAAS (which publishes Science and Science 
Robotics), the Institute of Electrical and 
Electronics Engineers, and the Association 
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Artificial intelligence explosion 
In spite of a journal boycott, publication of artificial intelligence (Al) 


papers is nearly 10 times higher than it was in 1996, according to a study 
using the SCOPUS database. 


deans and provosts and so on at tenure time 
that, ‘Yes, this person has almost no journal 
articles but it’s OK,” 

AI is now moving toward not just open 
access, but open review. In 2013, Andrew 
McCallum, a computer scientist at the 
University of Massachusetts in Amherst, 
launched OpenReview, a site that allows 
authors to submit conference papers and in- 
vites reviewers to post their comments and 
decisions openly. Anyone else can add a re- 
view, too. Major AI conferences have begun 
using the site, and McCallum says fears of 
flame wars or soft reviews were unrealized. 
“Furthermore, some magical things hap- 
pened.” For example, for a 2013 AI paper 
on data analysis, a mathematician 
from outside computer science 
noted errors in a proof, and shared 
an idea to fix them. “This is the way 
science should be working, right?” 
McCallum says. He adds that he 
and Ginsparg have discussed using 
OpenReview to provide an indepen- 
dent overlay on arXiv articles, which 


don’t currently allow comments. 
Kaelbling says the explosion of 


AI research is stressing existing 
publications, and that sites such as 


OpenReview can help by spreading 
out the reviewing effort and curbing 


low-quality submissions. One up- 
coming conference, the Conference 


00 
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for Computing Machinery also got a pass, 
Dietterich says, because of their missions 
and low fees. 

In computer science, most of the action 
does not take place in journals, anyway. 
Often, papers are posted to arXiv and then 
submitted, generally for free, to confer- 
ences, where they get a limited form of 
peer review: comments, and acceptance or 
rejection. Computer scientists have gravi- 
tated to arXiv because of the slow review- 
ing process at journals, says Yann LeCun, 
Facebook’s chief AI scientist in New York 
City. Moreover, for academic advancement 
in computer science, conference papers and 
not journal papers have become the coin of 
the realm, says Leslie Kaelbling, a computer 
scientist at the Massachusetts Institute of 
Technology in Cambridge. “We are all very 
practiced, everywhere, at arguing to our 
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on Neural Information Processing 
Systems (NIPS), asked Kaelbling 
for help finding 2750 reviewers for 
submitted papers. “But I feel reasonably sure 
that it will be very hard to find 2750 qualified 
NIPS reviewers,’ she says. “It’s crazy.” 

The torrent of AI publications may be un- 
sustainable, but it is exhilarating, McCallum 
says. He tells a story about a colleague who 
posted a paper on computer vision to arXiv. 
Within months, other papers had built on 
it, been posted to arXiv, and been built 
on themselves. When one of those papers 
was presented at a conference, the authors 
didn’t just discuss their own paper. They 
discussed a year of progress. “It was more 
like, ‘Here, let me tell you a retrospective of 
seven generations of scientific research,” 
McCallum says. “This never would have 
happened in a closed publishing world.” 


Matthew Hutson is a journalist in 
New York City. 
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HADZA ON THE B 


Farmers, tourists, and cattle threaten some of the world’s last 
hunter-gatherers, long a magnet for researchers 


By Ann Gibbons, in the Yaeda Valley in Tanzania 


s we hike down a rocky slope, 
through thorny acacias_ that 
snag our clothes and past the 
emaciated carcass of a cow, we 
hear people singing. We are ap- 
proaching a small camp of Hadza 
hunter-gatherers, and our Tanza- 
nian guide thinks they must be 
celebrating something. 

But as we near a few huts made of 
branches and draped with mosquito net- 
ting, a slender woman in a worn T-shirt 
and sari totters toward us. “She is drunk,” 
says Killerai Munka, our guide. 

The woman calls her children, and as 
she puts their small hands inside ours we 
get a sour whiff of diarrhea. That’s when 
she tells Munka that her youngest child— 
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a baby boy—died the night before. “He 
wanted to sleep some more and didn’t 
wake up,” Munka translates from Swahili. 

A couple of pastoralist men, probably 
members of the local Datoga tribe, are also 
visiting. They carry wooden staffs, wear 
brass hoop earrings, and have brought a 
bottle of homemade alcohol. They have 
traded that bottle, and likely others, for 
honey gathered by the Hadza, who by now 
have had too much to drink. 

Times are hard for the Hadza, who in- 
clude some of the last people on the planet 
to live as nomadic hunter-gatherers. 

Their way of life has been a magnet for 
researchers for 60 years, and the subject of 
hundreds of scholarly papers, because it may 
offer the closest analog to the way our African 
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ancestors lived. The iconic lifestyle persists: 
Just that morning in another Hadza camp 
called Sengele, an hour’s walk away, women 
and children were digging tuberous roots for 
food. Men were gathering honey by smoking 
out bees from baobab trees. But that lifestyle 
is quickly disappearing. 

Today, of roughly 1000 Hadza living in the 
dry hills here between salty Lake Eyasi and 
the Rift Valley highlands, only about 100 to 
300 still hunt and gather most of their food. 
Most of the others do forage—but they also 
buy, trade, or are given food, and sometimes 
alcohol and marijuana. Many live part of 
the year in larger semipermanent camps in 
the sprawling settlement of Mangola, where 
they depend on income from tourism and 
occasional jobs on farms or as guards. 
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Most Hadza now go to school for a few 
years, speak Swahili in addition to their own 
click language, and wear donated Western 
clothes. Some carry cellphones. But, “They 
are not integrating into a normal rural Tan- 
zanian life,’ says evolutionary anthropo- 
logist Colette Berbesque of the University of 
Roehampton in London, who has studied 
the Hadza since 2007. Instead, she says, they 
are “transitioning to a life where they're at 
the absolute bottom of the barrel.” 

It is a tragic story that has played out 
many times before as hunter-gatherers 
around the world have been displaced 
by more politically powerful settlers. Al- 
though the Hadza have proved resilient in 
the past, researchers warn that they now 
face a daunting convergence of threats. 

Their Brooklyn-size territory is being 
encroached on by pastoralists whose cattle 
drink their water and graze on their grass- 
lands, farmers clearing woodlands to grow 
crops, and climate change that dries up 
rivers and stunts grass. All those pressures 
drive away the antelope, buffalo, and other 
wildlife the Hadza hunt. “If there are no 
animals, how are we going to feed our peo- 
ple?” asks Shani Msafir Sigwazi, a Hadza 
who is a law student at Tumaini University 
Makumira in Arusha, Tanzania. “How are 
we going to protect our life in the bush?” 

“The last 5 years have drastically altered 
the landscape politically, socially, and eco- 
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Hadza men hunt on a ridge above the Yaeda Valley in Tanzania (left). The Hadza’s hunting and gathering lifestyle 
fosters a diverse microbiome that researchers study with oral swabs (right) and by sampling fecal matter. 


logically,’ says human behavioral ecologist 
Alyssa Crittenden of the University of Nevada 
in Las Vegas, who has studied the Hadza 
since 2004. “It’s clear to anyone who goes 
out to see the Hadza that we're dealing with 
small populations being pinched on all sides.” 

Worried about the Hadza’s plight, re- 
searchers wonder about their responsi- 
bilities to the people they have studied 
intensively for decades. Many research- 
ers are seeking ways to help, even as they 
vie to study the few Hadza who still hunt 
and gather full time. But some researchers 
have stopped fieldwork altogether, saying 
the Hadza lifestyle has changed too much. 
“The narrative that they are perfect hunter- 
gatherers has been eroding since the first 
researchers have worked with them,” says 
paleobiologist Amanda Henry of Leiden 
University in the Netherlands, who has 
studied Hadza gut bacteria and diet; her 
team is not returning. 


FROM THE VERY FIRST, researchers who stud- 
ied the Hadza realized they were walking 
a tightrope—studying a traditional way of 
life that their very presence risked alter- 
ing. James Woodburn was a 23-year-old 
graduate student in 1957, when he became 
the first anthropologist to study the Hadza. 
He quickly realized that the tire tracks of 
his Land Rover created new paths for the 
Hadza, so he sold it and walked everywhere 
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with them instead. “I was most anxious not 
to affect their nomadic movements,” says 
Woodburn, now retired from the London 
School of Economics. 

All the Hadza he saw then were nomadic 
hunter-gatherers who ranged across 1000 
square kilometers of bush, an area 20% 
larger than New York City. Yet even then, 
they were losing their traditional lands at 
a great rate, Woodburn says, and had less 
than half the 2500 square kilometers they 
inhabited when German geographer Erich 
Obst met them in 1911 (see map, p. 702). 

Still, Woodburn recalls an “exceptional 
abundance of game” in the 1960s, includ- 
ing “a herd of 400 elephants, also lots of 
rhino, hyenas, lions, and many, many other 
animals.” At the time, he found, the Hadza 
were healthier than farmers and herders, as 
he reported at the famous “Man the Hunter” 
symposium in Chicago, Illinois, in 1966. 
And although the Hadza traded with their 
agricultural neighbors, exchanging meat 
and skins for beads, pots, and iron knives, 
few people from other tribes had settled on 
their land. They did not intermarry much 
and kept to themselves. 

The Hadza also resisted many attempts 
by governments and missionaries to move 
them into settlements to become farmers. 
So many Hadza died of infectious diseases 
in camps in the 1960s that Woodburn wor- 
ried they would be wiped out. But survivors 
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always left the camps to return to the bush. 
Woodburn realized that farming was 
antithetical to the Hadza’s egalitarian val- 
ues, as he described in a landmark paper 
in 1982 in the journal Man. He noted that 
they were vigilant in preventing any single 
person from acquiring assets or wealth, or 
asserting power or status over others. They 
shared the food they hunted and gathered 
the same day or soon after in an “immediate 
return” system. Woodburn contrasted that 
approach with “delayed return” societies, 
in which individuals invest in building per- 
sonal assets that pay off later—for example, 
spending perhaps weeks crafting a boat and 
then storing caught fish for many months. 
Such societies, he argued, more readily 
adopt farming or herding, which allow indi- 
viduals to acquire power, rank, and wealth. 


bear more children; that men prefer to hunt 
large game because having reputations as 
good meat providers makes them desirable 
mates and allies; and that hunter-gatherer 
children forage for enough food that they 
are “cheap” to raise, boosting fertility and 
population. “The Hadza are just a touch- 
stone for so much,” says anthropologist 
Kristen Hawkes of The University of Utah in 
Salt Lake City, who did fieldwork with the 
Hadza from 1984 to the early 1990s. 

Today, at least a dozen research groups 
from around the world have permits to 
study the Hadza. One is led by Jeff Leach, 
a visiting research fellow at King’s College 
London, who helped show that the Hadza 
have more diverse gut bacteria than people 
on a Western diet do. “East Africa is ground 
zero for the human microbiome,” he says. 


A shrinking homeland 


The Hadza hold deeds to a Brooklyn-size territory where they can hunt and gather, but this is only a fraction 
of their historic homeland. Today, farmers and pastoralists seeking grazing rights press in on all sides. 


Hadza region in 
the late 1950s 


a 


The Hadza are not living fossils “lost at 
the bottom of the Rift Valley for thousands 
of years,” says Nicholas Blurton-Jones, pro- 
fessor emeritus at the University of Califor- 
nia, Los Angeles (UCLA), who did fieldwork 
with the Hadza from 1982 to 2000. They 
also have evolved over the millennia and 
long ago adopted new tools, such as metal 
arrowheads and cooking pots. But in their 
rich and relatively undisturbed savanna 
home, the Hadza have offered a steady 
stream of researchers a unique view of the 
way of life and selection pressures that 
“many have suggested brought our species 
into being,” he says. 

Over the years, studies of the Hadza have 
revealed that grandmothers’ food produc- 
tion boosts child survival so mothers can 
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“With the Hadza, who are exposed to the 
urine, blood, and feces of every animal they 
hunt, you can get a picture of all the mi- 
crobes on that landscape.” 

Other studies focus on their lifestyle. 
Crittenden recently found that Hadza men 
who switched to an agricultural diet suffered 
less dental decay (probably because they 
ate less honey), but that women and chil- 
dren ended up with more cavities (Science, 
28 April 2017, p. 362). A team led by UCLA 
biological anthropologist Brian Wood, who 
has studied the Hadza since 2004, learned 
that they use only as much energy every day 
as sedentary Westerners, suggesting that 
hunting and gathering can be remarkably 


efficient; and that the Hadza sleep less than 
recommended in Western guidelines. 
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EVEN AS STUDIES PROCEED, the Hadza’s fu- 
ture is darkening. The biggest threat comes 
from farmers and pastoralists and their 
cattle encroaching on Hadza land. In 2011, 
after years of negotiation between a local 
nongovernmental organization (NGO) and 
government officials, the Tanzanian commis- 
sioner for lands gave the Hadza rights to a 
230-square-kilometer area. That was a ma- 
jor victory, but the egalitarian Hadza have 
lacked the leadership or organization to pro- 
tect their land. 

“When you look at the Hadza, we have 
no leaders to represent us in government,” 
Sigwazi says. Local governments enforce 
land and grazing rights, and the Hadza 
have far fewer representatives on village 
councils than the Datoga or Iraqw farmers 
who live nearby. As a result, the Hadza have 
had to agree to give away grazing rights on 
their land in the dry season. The laws do 
prevent the free-for-all hunting on Hadza 
land that happened in the mid-1980s when 
many elephants were poached, says Daudi 
Peterson, co-founder of Dorobo Safaris and 
the Dorobo Fund, which uses fees from re- 
search and sustainable tourism to protect 
wildlife and fund health care and education 
for the Hadza and other groups. (Science 
paid fees to the fund to visit Hadza land.) 
However, he adds, “Flagrant abuse of the 
laws” by herders has taken place. 

The Hadza are particularly concerned 
about Datoga pastoralists who let their 
cattle graze on grass and drink from wa- 
ter holes on Hadza land year-round. In one 
Hadza camp, a woman named Tutu pointed 
to her people’s huts. Their tree-branch 
frames were draped with clothes and bark 
instead of the traditional grass thatch. “The 
cows eat all the grass,” she explained. 

The Datoga are also moving in, build- 
ing bomas—mud-walled huts encircled by 
acacia-thorn fences that contain livestock 
at night—near water sources. The settle- 
ments keep the nonconfrontational Hadza 
and their prey away from the water. “You 
can see from Google Earth where Datoga 
bomas are and how the Hadza—especially 
the women—adjust their spatial behavior to 
avoid them,” Wood says. 

“The Datoga come here and take over the 
area—they put in their permanent houses,” 
said a Hadza man named Shakwa. “Our 
land is getting smaller and smaller. It is not 
like a human being that gets pregnant and 
can give us more and more land.” 

The incursions, with cattle grazing deep 
in the bush, have worsened in the past 
3 years because of climate change, which 
has displaced the Datoga and other herders 
from lands outside the district, says Partala 
Dismas Meitaya, who works for the Ujamaa 
Community Resource Team in Arusha, the 
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local NGO that negotiated the land rights. 
Half the Datoga’s cattle died on their own 
grazing lands during the last rainy season 
from November 2017 to mid-January, which 
was unseasonably hot and dry. Their hard- 
ship makes them resent the rights deeded 
to the Hadza. “People ask, ‘Why are the 
Hadza—a small number of people—taking a 
big part of the land?’” Meitaya says. ““Why 
don’t they share the land?’” 

A few signs of cooperation have emerged. 
Three Datoga are working with seven Hadza 
youth to patrol grazing on Hadza land. 
“They are cooperating in a peaceful way to 
make sure there isn’t another fight between 
the Hadza and Datoga,” Meitaya says. 

But the threat from cattle is not the only 
force driving the Hadza from their ances- 
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tral land. Marina Butovskaya, a physical 
anthropologist from the Russian Academy 
of Sciences in Moscow, is stunned at how 
quickly woodland is being cleared for farm- 
ing at the edges of Hadza land. “When we 
arrived there, in 2003, there was only bush, 
and there were plenty of wild animals,” she 
recalls. “Now, along the road to Mangola, it’s 
fields, fields, fields.” 

In her 5 months in the Mangola area, be- 
tween September 2017 and February 2018, 
new power lines (which allow irrigation 
equipment) attracted an influx of farm- 
ers. They used tractors to clear a swath of 
land 10 kilometers closer to Hadza land. 
“You cannot imagine how fast it’s going,” 
Butovskaya says. 

When the land is cleared, wild animals 
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The outside world encroaches on Hadza land in many ways: A Hadza scout records cattle intruding on their lands using a GPS camera (top); Hadza put on baboon skins to 
impress a Lithuanian tourist in a camp in Mangola (bottom right); and a Hadza atop a truck watches a Maasai herder on a track through Hadza country (bottom left). 


lose habitat, leaving fewer to hunt. The farm- 
ers also cut down wild fruit trees on which 
the Hadza depend, they told Wood recently. 
To survive, some Hadza take handouts of 
maize flour from missionaries or trade meat 
and honey for flour to make porridge. Or 
they head to one of a dozen “tourist camps” 
in the Mangola region, where they earn 
money by re-enacting their traditional ways. 
Thanks to a newly improved road, tourists 
from Ngorongoro Conservation Area, which 
draws 400,000 people a year, can “bomb 
down” to see the Hadza in Mangola in 
1.5 hours, Peterson says. 


RESEARCHERS ARE WELL AWARE of the irony 
that their research, which made the Hadza 
famous, also draws tourists, which in turn en- 
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courages the Tanzanian government to build 
roads. “If we never studied the Hadza, would 
they have been better off?” Hawkes wonders. 

The tourism has a toxic impact. In the 
roughly 3 weeks that ecological anthropo- 
logist Haruna Yatsuka of Nihon University 
in Mishima, Japan, was in a tourist camp 
in Mangola in 2013, 40 tourist parties came 
from 19 nations. The tourists began arriv- 
ing at 6 a.m. and watched the Hadza hunt 
(for show—they seldom got meat when 
with tourists), dig up tubers, or perform 
dances. In one camp, Hadza wore baboon 
skins, which is not their traditional dress 
but fits tourist expectations, Leach says. 
The Hadza also got money by selling sou- 
venirs such as bead bracelets, or from tips. 
“Tourism now brings income to the Hadza 
and has had a tremendous effect on their 


and complain about being “tired” in camp, 
Yatsuka says. Turnover is high, as Hadza 
go into the bush to recover. Yatsuka is now 
studying how competition to sell souve- 
nirs affects the Hadza’s egalitarian culture. 
What happens when one Hadza woman 
makes money but another doesn’t? 

All those changes also affect research. 
Leach and others must stop data collection 
when missionaries give Hadza grain or anti- 
biotics. “I think the way some of the recent 
papers report the situation they're studying 
is bordering on not very honest,” Blurton- 
Jones says. “They need to tell us how much 
maize they get, how often do they get alco- 
hol, how often do tourists come.” 

Others agree: “In my tenure, I’ve seen 
dramatic, dramatic change,’ Berbesque 


says. “There are Hadza keeping chickens; 
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Nick Blurton-Jones (right) learns about the extensive support Hadza grandmothers give grandchildren as he 
interviews a great-grandmother (second from left) and her younger kinswoman (second from right) in 1999. 


livelihood, diet, residence, and nomadic 
patterns,” Yatsuka says. 

She observed the most destructive im- 
pact as soon as the tourists left in midafter- 
noon, when the Hadza used their earnings 
to buy alcohol. “Everybody drinks: preg- 
nant women, breastfeeding women, the 
men,” says Monika Abels, a developmental 
psychologist at Tilburg University in the 
Netherlands, who compared child develop- 
ment between a tourist camp and Hadza 
bush camps. Sometimes the drinking starts 
early in the day, the children don’t get fed, 
and drunk men beat women, Abels says. 

Blurton-Jones has noted higher rates of 
alcoholism, disease, and early death for 
Hadza living in Mangola than in the bush. 
The Hadza themselves recognize that trend, 
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they have cellphones. It’s not necessarily 
bad ... but they are not pristine hunter- 
gatherers anymore.” She has cut back her 
study of dietary preferences and will not 
take new students to study the Hadza un- 
til more protections are in place. Abels, too, 
probably will not return. 


SOME RESEARCHERS THINK scientists have 
asked too much of the Hadza. “A woman 
said to me, ‘My body is tired,” Crittenden 
says. “T’m tired giving my hair, my poop, 
my spit, my urine,” Crittenden believes re- 
searchers now have a duty to their longtime 
subjects. “The Hadza have been desperately 
asking researchers to help them,” she says, 
noting that Hadza have approached her at 
least a dozen times in the past few years for 
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help with political advocacy, land rights, 
health care, and education. 

Most researchers do step up. “You end up 
doing humanitarian work,” Leach says. “I’m 
buying school clothes for 100 kids.” 

The top priority is to stop incursions on 
Hadza land so people who want to hunt 
and gather can continue to do so. One ap- 
proach is to engage with local government 
and others on the Hadza’s behalf. For exam- 
ple, Wood spoke with missionaries in 2014 
who wanted to drill a well in an area that 
was “basically the last stand for the Hadza” 
who live in the bush. He told them a well 
would draw Datoga to water their cattle and 
thus harm the Hadza. But intervening car- 
ries risks, Wood warns: Evicting the Datoga 
and others from Hadza land could trigger 
a backlash. 

Wood and other researchers are taking 
steps to respond to Hadza who increas- 
ingly want more say in who studies them 
and what kinds of studies are done. “What 
advantage do we get from your study?” 
Sigwazi asks. “I want to know the results of 
my poo. Tell us your important results.” 

Crittenden and Berbesque hope to help 
the Hadza develop a code of ethics like 
one unveiled last year by the San people 
of southern Africa, another intensively 
studied group. That code requires that 
the San Council approve and manage re- 
search protocols, says Bob Hitchcock, an 
anthropologist at The University of New 
Mexico in Albuquerque, who helped the San 
draft it. But Hitchcock foresees a challenge 
with the Hadza, who “don’t have the same 
level of representation, the coordinated 
body” to do this, he says. 

Researchers are sharply divided over a 
code, in part because many think scientists 
do more good than harm. They note that 
in 2007, scientists helped organize protests 
when the Tanzanian government evicted 
the Hadza from some of their land, propos- 
ing to turn it into a private hunting park 
for the United Arab Emirates’s royal family. 
They also disagree that the Hadza are over- 
studied, arguing that many teams are there 
only for a month or so and don’t overlap 
much. “I’m the only researcher in the field 
right now,” Wood says. 

As researchers, Hadza, and others con- 
sider how best to move forward, they agree 
on one thing: “It is important that every 
Hadza individual has the opportunity to 
choose a lifestyle for themselves,” says 
Woodburn, who at age 84 still returns to 
camp with Hadza friends every few years. 
Sigwazi says: “I want to protect the culture 
of my people so the Hadza can enjoy their 
life—so they can wake up in the morning 
and hunt in the bush. It’s a simple life, but a 
kind of wonderful life.” m 
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Corrugations along a tapered 
string confine vibrations to its center 
section, where strain is highest. 
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Little is lost 


Nanostrings can exploit 
strain engineering for 
unprecedented mechanical 
performance 


By Alexander Eichler 


echanical engineering is an ancient 

human craft, yet one that keeps 

emerging in ever-changing forms. 

Take the development of musical 

instruments as an example. Over 

the course of centuries, instrument 
makers mastered the selection of materials, 
geometrical design, and mechanical forces 
to generate new sounds and enable new 
musical styles. In recent years, physicists 
learned to apply similar engineering tech- 
niques to nanoscale mechanical resonators. 
Their efforts yielded immensely useful sens- 
ing tools, such as the atomic force micro- 
scope (J) and resonator devices that could 
play a decisive role in quantum information 
technology. On page 764 of this issue, Ghad- 
imi et al. (2) demonstrate an important step 
in engineering the performance of such de- 
vices to an unprecedented level. 

For many applications, the most im- 
portant characteristic of a resonator is its 
quality factor Q. Roughly speaking, Q cor- 
responds to the number of oscillations the 
resonator undergoes before its mechanical 
energy dampens out. To increase this num- 
ber, one may either remove processes that 
cause damping or change the ratio between 
the energy stored in the resonator and the 
energy lost per oscillation cycle. Ghadimi et 
al. do both at the same time and achieve a 
record-high Q value of 400,000,000. 

The authors build on previous work with 
membrane resonators by Tsaturyan et al. 
(3), in which a periodic pattern of holes 
was punched into a thin membrane, leav- 
ing only a small center island intact. The 
hole pattern acted as a shield that sup- 
pressed vibrations within a certain range 
of frequencies. Vibrations on the island in- 
teracted only very weakly with the rest of 
the experimental setup, almost as if they 
were surrounded completely by vacuum. 
This engineered isolation removed most of 
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the damping processes and thus increased 
the Q of the island vibrations tremendously. 
Ghadimi et al. implemented the same ap- 
proach in a string resonator through a se- 
ries of corrugations. 

To push Q ever further, the authors used 
a technique called “damping dilution” (4-6). 
Through the application of strain, mechanical 
tension is generated within the material, and 
the energy stored in the resonator increases. 
Think of a skipping rope that you tauten by 
pulling on both ends—the elastic material 
stores energy, and the rope swings faster. Im- 
portantly, the energy lost per oscillation cycle 
does not increase by the same amount, so it 
takes more cycles for the energy to dampen 
out than it does without the tension. This di- 
lution process effectively increases Q. 

In contrast to previous work with mem- 
branes where strain was applied uniformly, 
Ghadimi et al. realized that the effect 
of damping dilution can be maximized 
through nonuniform elastic strain engi- 
neering (7). They applied the highest strain 
exactly where it matters, namely, in the 
central section of the string that hosts the 
shielded mechanical vibrations. The col- 
location of the shielded vibrations and the 
region of highest strain is the central ele- 
ment of the reported success, and it is re- 
alized with a surprisingly simple geometry 
(see the figure). 

The result reported by Ghadimi ef al. 
is the latest highlight in a tradition of im- 
pressive demonstrations with mechanical 
devices. Functionalized micro- and nano- 
mechanical resonators can respond to al- 
most any physical quantity, be it magnetic, 
electrical, or optical. In addition, mechani- 
cal devices act as bridges between the mac- 
roscopic world and microscopic objects. For 
example, an atomic force microscope can- 
tilever may be visible to the naked eye, yet 
it scans surfaces with (near-)atomic resolu- 
tion. Researchers have been fascinated by 
these attributes for decades. Aided by mod- 
ern fabrication methods, they developed 
highly sophisticated mechanical sensors to 
probe the nanoworld. Today, it is possible 
to detect nanomechanical vibrations to a 
precision of a fraction of an atom’s size (8), 
measure the magnetic moment of an indi- 
vidual electron (9), or discern the mass of a 
single molecule (J0, 17). 

It has even become possible to control 
mechanical devices on the fundamental 
quantum level, and nanomechanical reso- 
nators are envisaged as components in fu- 
ture quantum sensing, communication, and 
computation architectures (72, 73). In this 
context, a crucial figure of merit is the so- 
called “Q-times-f product,” where f is the 
mechanical resonance frequency. This term 
determines over how many oscillations the 
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resonator faithfully retains quantum infor- 
mation. The work of Ghadimi et al. estab- 
lishes a new record for this number as well, 
approaching 10” Hz at room temperature. 
This result means that millimeter-sized me- 
chanical resonators (comprising trillions of 
atoms) can be used to process single quanta 
of energy, a truly staggering notion. 

Finally, it is interesting to view the pres- 
ent work in the context of “bottom-up” versus 
“top-down” sensors. The two terms describe 
opposed approaches to device fabrication. 
Bottom-up devices are naturally small ob- 
jects like carbon nanotubes, semiconducting 
nanowires, nanoparticles, or graphene sheets. 
Such devices are grown from basic materials 
and have exceptionally low masses, which 
makes them very sensitive but also hard to 
manipulate. Top-down devices are patterned 
out of bulk material and provide much more 
freedom for design. However, because mate- 
rials cannot be carved or etched with atomic 
precision, top-down devices are larger than 
their grown counterparts and are inherently 
less sensitive. To some degree, this drawback 
can be compensated through high Q factors 
and extreme aspect ratios. Indeed, Ghadimi 
et al. find that their device, a string several 
millimeters long, offers a force sensitivity ap- 
proaching that of single carbon nanotubes, 
which are about 100,000 times lighter (74). 

We are now witnessing an era of un- 
precedented understanding and control of 
nanomechanics, with a view toward many 
new applications. Experimental prototypes 
have already demonstrated the potential for 
revolutionary new sensors. Future nanofab- 
rication techniques and engineering feats 
will hopefully enable us to bring such appli- 
cations into the realm of everyday life—with 
mechanical devices that even the master in- 
strument builders of past centuries would 
have regarded with wonder. 
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ENERGY STORAGE 


Chemical 
storage 

of renewable 
energy 


A stable electrochemical cell 
selectively produces 
ethylene from carbon dioxide 


By Joel W. Ager' and Alexei A. Lapkin? 


he conversion of carbon dioxide (CO,) 
into fuels and chemicals using renew- 
able energy is a potential pathway to 
mitigate increasing CO, concentration 
in the atmosphere and acidification 
of the oceans (J). In a process that is 
essentially the reverse of combustion and 
is analogous to photosynthesis, CO, can be 
electrochemically reduced to hydrocarbons 
by using renewable power sources such as 
wind and solar (2). This process would not 
compete with direct use of renewable energy 
as electricity, as the objective is to store ex- 
cess energy for later use. On page 783 of this 
issue, Dinh e¢ al. (3) show that ethylene can 
be generated selectively via electrochemi- 
cal CO, reduction at rates that could yield a 
technologically feasible process. 

The thermodynamics of reducing CO, are 
similar to those of splitting water into hydro- 
gen and oxygen, which has been done com- 
mercially with an energetic efficiency as high 
as 80% (4). However, CO, reduction is con- 
siderably more challenging because of the 
unreactive nature of the CO, molecule and 
the demands of controlling multiple electron 
and proton transfer events (12, in the case of 
ethylene) on the surface of the electrocata- 
lyst. Copper catalysts bind carbon monoxide 
(CO) and other reaction intermediates in 
such a way as to produce two-carbon prod- 
ucts such as ethylene and ethanol (5). How- 
ever, it has been difficult to steer the reaction 
toward any one product. Moreover, most ex- 
perimental studies provide CO, to the elec- 
trode from aqueous solution, where its finite 
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Efficient conversion 
Dinh et al. show that the use of 
very thin copper-catalyst layers 
in a gas diffusion electrode 
leads to efficient and selective 
electrochemical conversion of 
CO, to ethylene. Such a process 
could help to mitigate rising 
atmospheric CO, concentrations 
if the energy required for 

the conversion comes from 
renewable sources. 


Solar energy 


Wind energy 


Electrochemical cell 


solubility leads to an upper, diffusion-limited 
current density of a few tens of milliam- 
peres per square centimeter—far below what 
would be commercially relevant. 

A breakthrough in efficiency can be 
achieved through intensification of mass 
transfer within the process. Process intensi- 
fication is a chemical engineering approach 
that can achieve manyfold increases in prod- 
uct throughput by eliminating mass and 
energy transport limitations and exploiting 
potential synergies, such as combining mul- 
tiple functions (for example, reaction and 
separation) (6). Use of a gas diffusion elec- 
trode similar to those in fuel cells can greatly 
reduce the mass-transfer constraint for CO, 
and has enabled current densities above 
500 mA/cm? for formation of one-carbon 
products such as CO (7). However, careful 
management of the gas phase CO,, liquid 
electrolyte, and solid electrocatalyst is re- 
quired to maintain selectivity and minimize 
parasitic reactions such as water reduction. 

Higher pH conditions can increase the 
yield of two-carbon products (8), but CO, 
itself is acidic, setting an upper limit to the 
pH attainable in a conventional experiment. 
Dinh et al. show that very high hydroxide 
(OH-) concentrations can be maintained at 
the catalyst surface, provided that the elec- 
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OH" (to anode) 


Astable and 
efficient system 
Collocation of the 
catalyst layer and 

high concentrations 
of CO, and OH ina 
thin 25-nm layer lead to 
improvements in the 
conversion efficiency 
and selectivity for 
ethylene production. 
The use of base- 
stable PTFE for the 
porous gas transport 
layer enables 
continuous operation 
for 100 hours. 


Gas diffusion 
electrode 


1Graphite 

2 Carbon nanoparticles 
3 Copper nanoparticles 
4 Gas-porous PTFE 


trochemical conversion is faster than the 
homogeneous reaction of CO, with OH” to 
form bicarbonate. An optimal balance be- 
tween these competing processes is attained 
through the use of very thin (~25 nm) Cu- 
catalyst layers deposited on the gas diffusion 
electrode (see the figure). The collocation of 
the electrocatalyst and high CO, and OH 
concentrations led to about 70% current ef- 
ficiency to ethylene at current densities up to 
750 mA/cm?. When the authors used thicker 
catalyst layers (for example, 100 nm), a re- 
gion of lower OH- concentration formed, re- 
sulting in lower selectivity for ethylene. 

To be economically viable, the process 
would need to operate continuously. Dinh 
et al. found that the highly basic conditions 
required to enhance ethylene yield led to 
deterioration of the carbon-based electrode 
material within an hour. As an alternative, 
they designed and implemented a gas dif- 
fusion electrode consisting of base-stable 
polytetrafluoroethylene (PTFE), with cop- 
per nanoparticles as the catalyst and carbon 
nanoparticles and graphite providing elec- 
trical contact. Use of this electrode led to a 
lower current density (~300 mA/cm7?), but it 
was stable for 100 hours. 

A full electrochemical CO,-reduction sys- 
tem must also oxidize water to oxygen at the 
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anode for sustained operation. Dinh e¢ al. 
performed such a full-cell experiment, us- 
ing a nickel iron oxide (NiFeO_) to catalyze 
the oxygen-evolution reaction at the anode. 
They measured a full-cell energy conversion 
efficiency, which captures all losses (overpo- 
tentials at the cathode and anode and electri- 
cal resistance of the electrolyte), of 34%. This 
value is lower than the 60 to 80% achieved 
for water splitting but is comparable to CO,- 
reduction cells, which make one-carbon 
products such as CO or formate and have 
lower cathode overpotentials (9). 

Although the work of Dinh e¢ al. is an 
important step toward chemical storage of 
renewable energy, challenges remain. Their 
reactor, and indeed nearly all CO,-reduction 
reactors in the literature, makes products 
which are either entrained in the CO, stream 
or dissolved in the electrolyte, leaving prod- 
uct separation as an unsolved challenge (10). 

There is a lively discussion in the litera- 
ture regarding the prospective economics of 
electrochemical CO, reduction (71). Although 
there is consensus that a carbon tax would be 
required to provide an incentive for CO, con- 
version, opinions diverge on the economic vi- 
ability of the conversion targets (such as CO 
and/or syngas, ethylene, and ethanol). Bench- 
mark demonstrations such as that of Dinh et 
al. can be used to focus the discussion. 

The products of electrochemical CO, re- 
duction are simpler than those of natural 
photosynthesis, yet they are the most ambi- 
tious targets of preparative electrosynthetic 
chemistry; most work over the past 100 years 
or more has focused on simpler transforma- 
tions involving far fewer electron transfers 
(12). Demonstrations such as that of Dinh et 
al., combined with increasing understanding 
of the mechanism, could lead to a commer- 
cially viable electrochemical CO,-reduction 
process for mitigating rising atmospheric 
CO, concentrations and promoting the use 
of renewable energy. ® 
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NEPHROLOGY 


Mapping kidney cellular complexity 


Simplifying complexity identifies cellular drivers of kidney disease 


By Benjamin D. Humphreys 


he prevalence of kidney disease in the 

United States is ~14%, with more than 

600,000 patients with kidney failure. 

Despite the large and growing need 

for new therapies to treat kidney dis- 

ease, few have been developed over 
the past two decades. The kidney’s cellular 
complexity is partly to blame—its func- 
tional unit, the nephron, is composed of at 
least 13 different epithelial cell types, sur- 
rounded by an even larger array of support- 
ing vascular, stromal, and immune cells. In 
disease states, various invading leukocytes 
and reactive parenchymal cell states further 
complicate the cellular landscape, making 
attempts to understand pathophysiology 
and identify therapeutic targets difficult. 
However, the advent of massively parallel 
single-cell RNA sequencing (scRNA-seq) is 
transforming our understanding of cellular 
diversity, offering an unbiased approach to 
profile not only complex tissues but entire 
organisms (J, 2). On page 758 of this issue, 
Park et al. (3) apply scRNA-seq to develop 
the first comprehensive gene expression 
atlas of the mouse kidney, use innovative 
analyses to transcriptionally characterize 
known cell types, and identify a new pro- 
genitor cell type. They also map the ex- 
pression of monogenic and complex trait 
disease-associated genes to specific kidney 
cell types, providing new insight about cell 
types driving many kidney diseases. 

Park et al. generated nearly 60,000 single- 
cell transcriptomes from adult mouse kidney 
and resolved them into 21 cell types based on 
unique transcriptional profiles. These include 
expected cell types—nine epithelial, three en- 
dothelial, one fibroblast, and five immune 
cell types—as well as three previously unde- 
scribed cell types. The authors mapped ex- 
pression of human monogenic kidney disease 
genes onto cell types from their mouse data 
set. Proteinuria is a common manifestation 
of kidney disease, for example, and nearly all 
genes associated with inherited proteinuria 
were expressed only in podocytes. This is an 
epithelial cell type located in the glomerulus 
that helps to form the filtration barrier (4). 
Similarly, nearly all monogenic genes associ- 
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ated with blood pressure map to the distal 
parts of the nephron—segments that fine- 
tune sodium balance in the blood. These re- 
sults validate secRNA-seq as a method to infer 
the cellular drivers of disease. 

Diseases caused by alterations in single 
genes are relatively rare; most human genetic 
traits are complex, resulting from variation 
in multiple genes. Genome-wide association 
studies have identified thousands of disease- 
associated single-nucleotide polymorphisms 
(SNPs). Although most of these are noncod- 
ing and any individual SNP contributes only 
a small increased risk of disease, they often 


By characterizing cell types in an unbi- 
ased fashion, scRNA-seq can identify new 
cell types. Park et al. characterized one of 
the new cell types identified in the collect- 
ing duct. This transitional cell type expressed 
markers for intercalated cells (which secrete 
acid and base) and principal cells (which reg- 
ulate the sodium, potassium, and water con- 
tent of urine) (see the figure). Because it was 
transcriptionally an intermediate cell type, 
the authors hypothesized that it may repre- 
sent a cell transitioning from an intercalated 
to a principal cell, or vice versa. Although 
long-standing observations have suggested a 


Interconversion of principal and intercalated cells 


Kidney nephron Transitional cell 
Intercalated and principal 
cells line the collecting duct 


and regulate urine contents. 
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Chronic kidney disease 
In chronic kidney disease, intercalated cells are lost, leading to acidosis. 
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have large effects on gene expression (called 
expression quantitative trait loci, eQTL) that 
are usually cell-type specific (5). Understand- 
ing which cells express a particular gene with 
a disease-associated SNP can help to identify 
cellular drivers for complex traits. Using the 
same approach as with monogenic kidney 
disease genes, the authors mapped the ex- 
pression of complex trait genes and found 
again that they were expressed in only single 
kidney cell types. The importance of this 
result is that the authors have illuminated 
potential cellular drivers of disease suscep- 
tibility—enabling hypothesis generation con- 
cerning the mechanism of action of genetic 
variants associated with disease and more 
accurate disease modeling. 
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Notch signaling regulates the interconversion of intercalated cells 
and principal cells via a transitional cell type. 
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lineage relationship between different inter- 
calated cell subtypes (6), the idea that princi- 
pal and intercalated cell types interconvert in 
adult kidney has less support (7). 

Using a genetic lineage tracing strategy 
and immunostaining, Park et al. provide 
convincing evidence that the transitional 
population is present in adult mouse kidney. 
Prior results (8), coupled with an analysis of 
gene expression changes over the trajectory 
between intercalated to principal cell, impli- 
cated the Notch pathway in regulating this in- 
terconversion. By inducing expression of the 
Notch intracellular domain (which induces 
gene expression changes) in adult collecting 
ducts, the authors could shift the balance to- 
ward a principal cell fate and away from an 
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intercalated cell fate. The transcription fac- 
tor TFCP2L1 (transcription factor CP2-like 
1) is a regulator of intercalated and principal 
cell specification via Notch signaling, further 
supporting the importance of this pathway 
in regulating collecting duct cell plasticity 
(9). A similar shift toward principal cells was 
observed in a mouse model of chronic kid- 
ney disease. By deconvoluting bulk transcrip- 
tional data from human kidneys with chronic 
kidney disease, they demonstrated increased 
principal and decreased intercalated cells, 
although they could not ascertain whether 
disrupted Notch signaling was involved. The 
authors propose that these results provide a 
molecular foundation for understanding the 
metabolic acidosis that accompanies chronic 
kidney disease, because loss of intercalated 
cells (through conversion to principal cells) 
impairs acid secretory capacity. 

With reduced sequencing cost and com- 
mercialized workflows available, scRNA-seq 
will play an increasing role in understanding 
the cellular basis of kidney function as well 
as individual cell types driving disease that 
represent therapeutic targets. A future appli- 
cation of scRNA-seq is in defining the cellu- 
lar complexity of kidney disease. In acute and 
chronic kidney diseases, the histologic ap- 
pearance of tissue fibrosis can appear similar 
regardless of the root cause. For large diag- 
nostic categories such as diabetic nephropa- 
thy or chronic kidney disease, it is almost 
certain that subphenotypes exist, but current 
diagnostic approaches lack the sensitivity to 
distinguish them (10, 17). A good example is 
the discovery that two variants in the gene 
encoding apolipoprotein Ll are responsible 
for the majority of end-stage renal disease in 
African Americans, and not simply hyperten- 
sion, as was previously assumed (12). 

Park et al. provide a powerful step toward 
a comprehensive understanding of the cellu- 
lar basis for kidney homeostasis and disease, 
demonstrating the feasibility of seRNA-seq to 
unravel kidney complexity. 
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Ribosomes on the night shift 


The universal protein-making machine becomes 
a nutrient source between meals 


By Michel Nofal and Joshua D. Rabinowitz 


rom an evolutionary perspective, life 
involves two simple goals: survival 
and reproduction. But these goals are 
fundamentally at odds. Reproduction 
depends on growth, but attempts to 
grow when nutrients are scarce can 
jeopardize survival. In cells, growth is ac- 
complished in large part by ribosomes, 
huge RNA-protein machines that translate 
nucleic acid messages into protein, the 
main biochemical constituent of cells. In 
nutrient-rich conditions, cells can be filled 
with ribosomes; they comprise more than 
a third of total biomass in rapidly growing 
Escherichia coli (1). But what happens to 
ribosomes when nutrient levels decline, as 
occurs sporadically in microbes and nightly 
in sleeping humans? Biosynthesis subsides, 
and ribosomes now serve as a reservoir 
of nutrients. Building on recent progress 
probing the regulation of protein synthe- 
sis and degradation from Gu et al. (2) and 
Abu-Remaileh et al. (3), on page 751 of this 
issue, Wyant et al. (4) elucidate a pathway 
in which ribosomes are selectively digested, 
promoting survival in starved cells. 
Eukaryotic cells, from yeast to humans, 
can gobble up parts of their interior through 
a process called autophagy, encapsulating 
them in double membranes and forming 
an enclosed compartment known as an au- 
tophagosome. Autophagosomes then deliver 
their contents to the degradative compart- 
ment (lysosomes), where macromolecules are 
recycled into monomeric nutrients (5). 
Autophagy was initially thought to be 
a nonspecific process, but it has become 
increasingly clear that cells can pick and 
choose what to digest in this manner. For 
example, defective mitochondria are de- 
tected and marked for autophagy through 
a system involving the proteins PINK1 
(PTEN-induced putative kinase protein 1) 
and Parkin (6). In nutrient-poor conditions, 
however, mitochondria are valuable—they 
provide the most efficient way to generate 
energy from carbon—whereas ribosomes 
are no longer needed in large numbers to 
fuel biosynthesis. These dispensable ribo- 
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somes can be selectively degraded through 
ribophagy, autophagy of ribosomes. 

How do cells balance growth and sur- 
vival? The mammalian target of rapamycin 
complex 1 (mTORC1) kinase has emerged 
as an important regulator of this balance. 
When conditions are favorable for growth, 
mTORC1 stimulates the synthesis of all 
major biomaterials in cells, especially ri- 
bosomes, while suppressing autophagy. If 
growth conditions are poor—for example, 
during periods of starvation—mTORC1 is 
inactive, and autophagy proceeds. 

To decide whether or not growth is ap- 
propriate, mTORC1 must sense and inte- 
grate a diverse set of environmental cues. 
One of these cues is amino acid availability. 
Cells must be well-stocked with amino ac- 
ids, which are needed to make protein, in 
order to grow. Amino acids within the cy- 
tosol promote translocation of mTORC1 to 
the surface of the lysosome, where its ac- 
tivator, a small guanosine triphosphatase 
(GTPase) called RHEB (Ras homolog en- 
riched in brain), resides (7, 8). Numerous 
specific amino acid-sensing proteins have 
been characterized. These include the Ses- 
trin and CASTOR (cytosolic arginine sensor 
for mTORC1) families of proteins, which 
sense leucine and arginine, respectively (9, 
10). Gu et al. added to this list when they 
identified SAMTOR [S-adenosylmethionine 
(SAM) sensor upstream of mTORC1], which 
indirectly senses the essential amino acid 
methionine by binding to SAM. 

Why does the lysosome, which degrades 
macromolecules, play such a central role in 
the regulation of mTORC1, which promotes 
the construction of macromolecules? Accu- 
mulating evidence suggests that mTORC1 
preferentially senses nutrients that are gen- 
erated in the lysosome. Perhaps by sensing 
the products of degradation, mTORC1 can 
assess whether catabolic processes have 
generated enough nutrients. 

This reasoning assumes that lysosomes 
differ from the rest of the cell not only in 
acidity and protein content but also in me- 
tabolite content. However, most methods for 
lysosomal purification involve ultracentrifu- 
gation in sucrose gradients for several hours, 
during which time metabolites have likely 
reacted or escaped and weakly associated ly- 
sosomal proteins have disassociated. Abu-Re- 
maileh et al. reported a method for the rapid 
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isolation of lysosomes, called LysoIP. Cells 
are genetically engineered to express a pro- 
tein tag on lysosomal membranes. Magnetic 
beads linked to antibodies specific for the tag 
are added to lysed cells, and lysosomes are 
purified magnetically. This method has en- 
abled systematic analysis of the metabolite 
content of lysosomes for the first time. 

Using LysolIP, the authors compared the 
cytosolic and lysosomal concentrations 
of numerous metabolites. In cells grown 
in amino acid-rich conditions, metabo- 
lite levels were generally similar in both 
compartments, but upon impairment of 
the vacuolar adenosine triphosphatase (V- 
ATPase), which acidifies the lysosome, the 
lumenal concentrations of a large number 
of metabolites increased. These metabolites 
included most nonessential amino acids, 


mediated efflux of leucine out of lysosomes, 
but mTORC1 remains inactive until leucine 
leaves the lysosome. 

SLC38A9 has another important function, 
which may explain this paradox: Upon bind- 
ing to the nonessential amino acid arginine 
in the lysosomal lumen, SLC38A9 helps to 
activate mTORC1. Thus, when amino acid 
levels accumulate in lysosomes, mTORC1 
may initially become partially activated by 
SLC38AQ9. In this scenario, mTORC1 subse- 
quently induces SLC38A9-mediated amino 
acid efflux from lysosomes. Last, effluxed 
leucine can augment mTORC1 activation. In 
other words, SLC38A9 may be at the center 
of a feed-forward loop in which nutrients 
derived from lysosomal catabolism activate 
mTORCI only after accumulating above a 
threshold (see the figure). 


Ribosomes as a source of nutrients 


After meals, when nutrient amounts are high, ribosomes produce proteins. When nutrient intake stops—for 
example, during sleep—amino acid concentrations drop, which inactivates mTORC1. This triggers binding of 
NUFIP1 to ribosomes, leading to their recycling via ribophagy. 
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which are apparently released from lyso- 
somes in a proton-dependent manner. The 
lysosomal levels of most essential amino 
acids, however, did not change, suggesting 
their regulation by another factor. 

A series of elegant experiments revealed 
that mTORC1 promotes the efflux from 
lysosomes of most essential amino ac- 
ids, including leucine. Efflux is mediated 
by a lysosomal membrane protein called 
SLC38A9 (sodium-coupled neutral amino 
acid transporter 9). In amino acid-poor 
conditions, leucine transport out of lyso- 
somes is required to activate mTORC1 (17). 
Taken together, these data suggest a para- 
dox: mTORC1 activity induces SLC38A9- 
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Why might SLC38A9 sense lysosomal ar- 
ginine levels? Perhaps mTORC1 evolved to 
sense the degradation of proteins rich in 
arginine. One class of proteins stands out 
as arginine-rich: ribosomal proteins. These 
proteins contain high amounts of arginine 
and lysine, the positive charges of which 
help to bind the negatively charged phos- 
phate backbone of ribosomal RNA. 

How are ribosomes selectively delivered 
to lysosomes? Wyant et al. applied quanti- 
tative proteomics to identify proteins that 
increase their association with lysosomes 
in nutrient-starved cells. NUFIP1 (nuclear 
fragile X mental retardation-interact- 
ing protein 1), which has a previously an- 
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notated role in the nucleus, was found at 
higher concentrations in lysosomes of cells 
deprived of glucose and amino acids. The 
authors then showed that NUFIP1 binds to 
ribosomes when mTORCI1 is inactive and 
delivers these ribosomes to autophago- 
somes for degradation. 

Ribosomes are arguably the most impor- 
tant biochemical machine. But the impor- 
tance of translation has overshadowed the 
role ribosomes can play as a nutrient source. 
By elucidating the function of NUFIPI, Wy- 
ant et al. provide a genetic handle with 
which to specifically probe the importance 
of ribosomes as nutrients. Indeed, genetic 
loss of NUFIP1 (that is, the inability to use 
ribosomes as nutrients) impairs survival of 
cells starved of glucose and amino acids. 

Although it is easy to induce starvation 
of mammalian cells experimentally in a cul- 
ture dish, cells in vivo are never exposed to 
glucose-free, amino acid-free environments. 
Rather, they are bathed in a steady stream 
of circulating nutrients. What prevents this 
stream from running dry? During extended 
periods between meals, macromolecules 
must be degraded. Proteins are depots of 
amino acids; glycogen is a depot of sugar. 
Ribosomes specifically are depots of amino 
acids, sugar, and nucleobases and as such 
can support diverse metabolic activity. A 
recent report showed that in mice, liver size 
and ribosome content oscillate with the di- 
urnal cycle, increasing while the animals 
are awake (and eating at will) then gradu- 
ally falling during sleep (12). Thus, after 
meals the liver fills with ribosomes. For a 
time, these ribosomes perform their canoni- 
cal role: using ingested amino acids to make 
protein. But as nutrient levels drop, these 
ribosomes, via ribophagy, are recycled into 
nutrients for the rest of the body. These find- 
ings have not been validated in humans, but 
they raise intriguing possibilities. Whereas 
intact ribosomes are essential for diverse 
anabolic functions—protein synthesis is 
required for long-term memory formation 
(13)—degraded ribosomes may maintain nu- 
trient levels as we sleep. Perhaps they quite 
literally fuel our dreams. Food for thought. 
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How to achieve a successful biaxial marriage 


Coupling between organic and inorganic components results in a biaxial liquid crystal 


By Philippe Poulin 


atter is generally divided into 

three states, namely solid, liquid, 

and gas. Liquid crystals form a 

fourth state of matter; they com- 

bine properties of liquids, such 

as fluidity and the ability to flow, 
with properties of crystalline solids, such 
as structural order and specific optical 
and electric properties. This unique com- 
bination makes liquid crystals valuable 
for numerous electro-optical applications, 
for example, in displays, cell phones, and 
televisions. They are also often found in 
living systems, for example in cell mem- 
branes made of phospholipids and in 
chromosomal DNA. On page 768 of this is- 
sue, Mundoor et al. (J) report a new class 
of liquid crystals made of long inorganic 
nanorods that are oriented in a perpen- 
dicular direction to the small organic mol- 
ecules in which they are embedded. 

Not all molecules or particles can reach 
the fourth state of matter. Liquid crystals 
are made of components—usually disks or 
rodlike molecules—that are anisotropic in 
shape. When the disks or rods are oriented 
along a single similar direction, but remain 
randomly positioned in space, they form 


a nematic phase. The nematic phase can 
have high fluidity and is often viewed as 
the simplest liquid crystalline phase. It is 
of great technological importance, because 
most electro-optical applications are based 
on nematic liquid crystals. 

The ordering of a nematic phase made 
solely of disks or rods can be specified by 
a single direction and therefore forms a 
uniaxial system. A more complex situation 
would occur if the building blocks were in 
the shape of, for example, a parallelepiped 
(see the figure). In this case, the material 
should form a biaxial phase, because the 
orientation of the boardlike molecules 
themselves can be specified by two axes. A 
biaxial nematic phase can in principle also 
be obtained by mixing disks and rods (see 
the figure). Biaxial nematics are expected 
to have useful properties, including fast 
switching speeds in potential electro-opti- 
cal applications and to serve as models for 
studying fundamental questions about de- 
fects and topology. 

Because of their expected properties 
and potential technological interest, biax- 
ial nematic phases have been the topic of 
extensive research—and controversy—for 
several decades (2). Yet, their experimental 
realization remains challenging. Disks and 


How to make a biaxial nematic 


Previous efforts to make biaxial nematics with either boardlike molecules or component mixtures 
have had limited success. Mundoor et al. used a different strategy to create a biaxial nematic by tuning 
the interactions between long inorganic nanorods and short organic molecules. 


be 
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Boardlike molecules 
Whether these molecules can 
adopt biaxial ordering remains 
controversial. 
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Disk- and rodlike components 
Mixtures of similarly sized disk- 
and rod-shaped molecules tend 
to phase separate. 


2 


Hybrid mixture 

Weak coupling between 
different components 
results in biaxial ordering. 
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rods tend to phase separate, making it dif- 
ficult or impossible to form biaxial phases 
by this approach. The use of boardlike mol- 
ecules that adopt biaxial ordering has been 
the topic of controversies, with claims of bi- 
axiality by some contradicted by others (2). 
The most encouraging results have been 
obtained with bent-core molecules and 
with some liquid-crystal polymers (2). The 
quest for biaxial nematics thus remains an 
open and exciting challenge. 

Mundoor et al. report a strategy for mak- 
ing biaxial nematics that involves mixing 
inorganic nanorods and rodlike organic 
molecules. This approach differs from pre- 
vious studies, which typically used mix- 
tures of particles with different shapes 
or molecules with complex structures. In 
contrast, the particles in the authors’ mix- 
ture have the same simple shape, but differ 
in size. The rodlike organic molecules are 
about 2 nm long, whereas the inorganic 
nanorods are about 1 wpm (1000 nm) in 
length. On their own, the nanorods and 
the rodlike molecules can form uniaxial 
nematics. By controlling the chemistry of 
the nanorods, Mundoor e¢ al. achieve their 
homogeneous dispersion and stabilization 
in the liquid crystal made of the rodlike 
organic molecules. In a well-defined con- 
centration regime, the orientation of the 
nanorods is spontaneously orthogonal 
to that of the organic molecules (see the 
figure). This mixture thus forms a biaxial 
nematic liquid crystal. 

The beauty of this achievement lies in 
the delicate control of the interactions be- 
tween the nanorods and the organic mole- 
cules. If the interactions between them are 
too weak, the orientation of the nanorods 
and of the molecules would not be cor- 
related. If the interactions are too strong, 
they would phase-separate and form other 
structures (3). By finely controlling the 
chemistry of the nanorods, Mundoor et al. 
have found the right balance to achieve a 
well-organized coupling of the inorganic 
and organic components. Because of this 
coupling, the nanorods disturb the order- 
ing of the small molecules slightly, thereby 
making the liquid crystal state a bit less 
stable when heated. Thus, the small mol- 
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ecules must be cooled down a bit more to 
induce their transition from the isotropic 
to the nematic phase (4). 

The authors convincingly characterize 
the materials with several optical methods. 
The results show that the biaxial nematic 
is not a simple superposition of two uni- 
axial nematics. Anisotropic interactions 
induce a biaxial orientation distribution of 
the nanorods, which in turn induce biaxil- 
ity in the distribution of the organic mol- 
ecules. Thus, the properties of the hybrid 
materials are even richer than would be 
expected from a simple superposition of 
uniaxial nematics. Furthermore, the pres- 
ent approach allows the use of organic 
liquid crystals with rather simple organic 
molecules, making it easier to control their 
stability and their temperature transitions 
and to make them suitable for applica- 
tions. It would be more difficult to control 
and tune the thermodynamic properties 
of molecules and polymers with complex 
structures such as those that have been 
used in the past to make biaxial nematics. 


“The beauty of this 
achievement lies in the 
delicate control of 

the interactions between 
the nanorods and the 
organic molecules [in the 
biaxial liquid crystal].” 


Mundoor et al.’s study opens the door 
for a range of novel nematic liquid crystals. 
As demonstrated by the authors, the key is 
to achieve moderate coupling between the 
inorganic inclusions and the organic host. 
Tuning this coupling could lead to other 
states; following simple theoretical expecta- 
tions (4), it may be possible to expect coex- 
istence of nematic phases and even critical 
phase transitions. Use of other shapes, such 
as disks, boards, and chiral species, could 
further enrich this class of hybrid materi- 
als. The optical properties and response to 
external fields of these hybrid may form 
the basis for future applications in which 
the functionalities of organic and inorganic 
materials are combined. 


REFERENCES 


1. H.Mundoor etal., Science 360, 768 (2018). 

2. C.Tschierske, D. J. Photinos, J. Mater. Chem. 20,4263 
(2010). 

3. |. MuSevié, Materials 11, 24 (2018). 

4. P. Poulin, V. Raghunathan, P. Richetti, D. Roux, J. Phys. II 
France 4,1557 (1994). 


10.1126/science.aat7399 


SCIENCE sciencemag.org 


TRANSCRIPTION 


BRD4 and MYC-clarifying 
regulatory specificity 


A study dissects the primary function of cancer-associated 


transcription factors 


By Arianna Sabo and Bruno Amati 


he transcriptional output of cells is 

governed by the interplay among se- 

quence-specific transcription factors 

(TFs), epigenetic DNA and chromatin 

modifications, and their writers, read- 

ers, and erasers, along with the basal 
transcriptional machinery and RNA poly- 
merase II (Pol2). Assessing the contribution of 
individual factors to specific transcriptional 
programs is an essential albeit elusive goal, 
as exemplified by studies of the chromatin- 
associated factor BRD4 (a BET family mem- 
ber) (J) or the oncogenic TF MYC (2). BET 
proteins interact with acetylated histones in 
active regulatory domains (promoters and 
enhancers) and promote Pol2 activity. De- 
spite the general nature of this mechanism, 
BET inhibitors (BETis) have shown selective 
effects on gene expression—in particular, 
suppression of MYC and other oncogenes in 
tumor cells (7). MYC is a sequence-specific 
DNA-binding protein that has been proposed 
to function either as a selective regulator 
(2-4) or as a general activator (“amplifier”) 
of transcriptional activity (5, 6). Determin- 
ing regulatory specificities is hampered by 
the need to identify productive DNA-binding 
events and to distinguish direct from indirect 
transcriptional responses. On page 800 of 
this issue, Muhar et al. (7) provide unprec- 
edented resolution on the regulatory roles of 
MYC and BRD4, improving our understand- 
ing of these cancer-associated TFs. 

The authors induced acute degradation of 
endogenous BRD4 or MYC in two cancer cell 
lines and profiled immediate transcriptional 
changes (see the figure). Inducing BRD4 deg- 
radation reduced the elongating form of Pol2 
and globally down-regulated transcription, 
pointing to BRD4—rather than the whole 
BET family (8)—as a general coactivator of 
Pol2. Treatment of cells with the BETi JQ1 
led to different outcomes, depending on the 
dosage: Whereas high doses suppressed all 
transcription, mimicking BRD4 degrada- 
tion, lower doses—albeit still toxic to cancer 
cells—had more limited consequences, pos- 
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sibly because of a dose-dependent removal 
of BRD4 from chromatin (9). Such selective 
transcriptional responses to BETis have been 
the basis of their development as antican- 
cer drugs because oncogenes—particularly 
MYC—were generally more sensitive than 
housekeeping genes to BET inhibition (J). 
Thus, understanding the molecular features 
that determine differential sensitivity to 
BETis is of crucial importance. 

Neither the level of BRD4 binding to 
promoters (7, 10, 11) nor the presence of su- 
perenhancers (7, 11, 12) were sufficient to 
predict the sensitivity of a gene to JQI. Al- 
though selectivity could also be due to the 
differential ability of promoters to undergo 
compensatory increases in Pol2 loading (77), 
data mining in genome binding profiles al- 
lowed Muhar et al. to identify other TFs and 
cofactors with predictive power, albeit not in 
a general manner; indeed, these factors were 
enriched on different subsets of JQ1-sensitive 
genes. Therefore, besides acetylated histones, 
other proteins may mediate BRD4 recruit- 
ment and/or activity on chromatin, contrib- 
uting to the selective effects of BETis. 

Of note, the global impairment of Pol2 
elongation upon BRD4 degradation occurred 
without displacement of the elongation fac- 
tor cyclin-dependent kinase 9 (CDK9), and 
BET and CDK9 inhibitors affected distinct 
groups of genes (7, 8). Thus, besides recruit- 
ing CDK9, BRD4 may directly regulate Pol2 
activity, possibly through intrinsic acetyl- 
transferase and/or kinase activities (1). 

The enhanced sensitivity of tumor cells 
to JQ1 is determined at least in part by its 
inhibitory action on MYC expression and/ 
or activity. Thus, Muhar et al. addressed the 
consequences of acute MYC degradation in 
cancer cells, revealing a fundamentally differ- 
ent scenario from that observed with BRD4. 

In recent years, the selectivity of MYC as a 
transcriptional regulator has been the subject 
of intense debate (2-6). In the work discussed 
here, only a few hundred genes showed de- 
creased messenger RNA output upon loss of 
MYC, a large majority of the transcriptome 
remaining unaffected (7). Important insight 
was provided by the identity of MYC-depen- 
dent genes, which are involved in protein and 
nucleic acid biosynthetic pathways, among 
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others. This confirms that MYC contributes 
to the activation of select transcriptional pro- 
grams, which in turn promote the wealth of 
secondary changes—including the general in- 
crease in RNA biosynthesis—associated with 
cell activation and transformation (2); most 
importantly, this accounts for all published 
data, without the need to invoke a direct am- 
plifier function for MYC. 

Muhar et al., together with a series of re- 
cent reports, allow us to more precisely refor- 
mulate some of the key questions regarding 
MYC function. Although superactivating MYC 
above endogenous amounts in proliferating 
cells caused both up- and down-regulation of 
transcription (3, 4, 13, 14), MYC degradation 
only led to down-regulation of select targets 
(7), which is at odds with the notion that 
MYC directly represses transcription. Thus, 
although overexpressed MYC can antago- 
nize the activity of other TFs, such as MIZ1 
(MYC-interacting zinc finger protein 1) (2, 4), 
the extent of this phenomenon must be re- 
evaluated; in particular, this may be relevant 
mainly in tumors with direct oncogenic acti- 
vation of MYC (that is, genetic amplification 
or translocation, which is absent in the cells 
used by Muhar e¢ al.). Moreover, repression 
by MYC may largely be a passive effect; in all 
data sets in which combined RNA expression 
and DNA-binding data are available, gene 
activation—as opposed to repression—corre- 
lates with the strongest gain in MYC binding 
to promoters (4, 7, 13, 14); the contribution 
of enhancer binding (3-6, 75) remains to be 
systematically addressed. A kinetic analysis 
in mouse fibroblasts (14) showed that acti- 
vated genes not only gained the most MYC 


binding but also underwent rapid Pol2 load- 
ing. At the opposite end of the spectrum, re- 
pressed genes were less effectively bound by 
supernumerary MYC molecules, showed no 
increased loading, but instead lost Pol2 from 
their promoter; rather than being actively 
repressed by MYC, these genes may suffer 
from a competitive disadvantage in recruit- 
ing Pol2. Whether Pol2 levels are limiting and 
differentially affect promoter strength in vivo 
remains an open question. Notably, several 
genes encoding Pol2 subunits showed MYC- 
dependent expression (7), providing another 
indirect link between MYC and global tran- 
scriptional activity (2). 

The data discussed here highlight the need 
to pursue kinetic, integrated analyses of DNA 
binding and RNA synthesis in cells. As exem- 
plified by BRD4 and MYC, these approaches 
allow us to dissect the regulatory function of 
key cancer-associated transcription factors 
and, most importantly, to clearly distinguish 
primary from secondary events. 
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Elimination of MYC and BRD4 differentially affects transcription 
BRD4 and MYC (as a dimer with MAX; not shown here) are broadly bound to the regulatory regions of active 
genes. Whereas BRD4 degradation affects transcription of all genes, MYC is only required at select loci, 
enriched for genes involved in cell growth and proliferation. At later time points, indirect effects of MYC loss 
may lead to widespread gene repression. Although illustrated as stalled Pol2, the mechanism of shutdown 


upon MYC degradation remains to be addressed. 
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ECOLOGY 


Narrowing 
pathways to 
a sustainable 
future 


Limiting global warming 

to 1.5°C can protect species 
unless carbon sequestration 
threatens their habitats 


By Guy Midgley 


tthe United Nations Framework Con- 

vention on Climate Change (UNFCCC) 

Conference of the Parties in Copen- 

hagen in 2009, the Alliance of Small 

Island States, supported by African 

countries, called for a temperature 
target of 1.5°C above the preindustrial level, 
as opposed to the more broadly accepted 2°C 
limit, as the basis for a global multilateral 
climate agreement. A subsequent UNFCCC- 
established review concluded that 2°C of 
warming cannot be considered safe and 
that less warming would be preferable (J). 
The Paris Agreement, adopted in December 
2015, formally recognized this notion in its 
stated aims to hold the increase to well be- 
low 2°C and to pursue efforts to limit it to 
1.5°C above preindustrial levels (2). On page 
791 of this issue, Warren et al. (3) provide a 
detailed analysis of the avoided risk to spe- 
cies’ geographic ranges if a 1.5°C rather than 
a 2°C target is attained. 

An IPCC review currently under way is 
assessing the broader impacts of global 
warming of 1.5°C above preindustrial levels 
and related global greenhouse gas emission 
pathways. This assessment, due for comple- 
tion in September 2018, is critical especially 
given consistent confirmation of the long- 
term warming trend in global mean surface 
temperature (4) and of a reemerging rise in 
CO, emissions after 3 years of relative sta- 
bilization (5). Impact modeling in almost 
all sectors (such as agriculture, water, bio- 
diversity, and human health) has tended to 
focus on higher levels of warming and more 
distant scenarios of climate change. Yet, ob- 
servations of ongoing changes in climate- 
sensitive physical (6), biological (7), and 
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Afforestation, as in this eucalyptus plantation in Argentina, can help to mitigate 


human systems (8) are sounding an early 
warning of shorter-term impacts. 

Model studies of the impacts of lower 
warming levels remain scarce, however, lim- 
iting quantitative assessment of the benefits 
of attaining a 1.5°C target. Nevertheless, a 
global synthetic analysis of modeling results 
identified an apparent accelerating trend 
in species extinction risk with increasing 
warming over the range of 1° to 5°C above 
preindustrial levels (9). Accelerating trends 
in impacts on biodiversity with greater 
warming might be expected, given that 
global average surface temperatures in the 
past 2 million years have rarely approached 
the levels projected (absent substantial miti- 
gation) over the next few decades (JO). 

Warren et al. project accelerating in- 
creases in impacts on species’ geographic 
ranges from 1.0°C to up to 4.5°C, thus in- 
dicating substantial avoided risk to biodi- 
versity if global warming were to be held at 
lower levels. Their work builds on several 
earlier studies but is far more comprehen- 
sive, because the authors use a model with 
finer spatial scales and consider future 
climate uncertainty more accurately. They 
also use larger, more detailed data sets for 
model building and more reliable species 
distribution data. Avoided risks at 1.5°C 
versus 2°C include at least a halving in the 
number of species projected to lose more 
than 50% of their geographic range—range 
loss being the authors’ main metric of im- 
pact. At higher levels of warming, substan- 
tial range loss spreads to greater numbers 
of species, indicating potential systemic 
ecological simplification. It remains to be 
seen whether rarer species are more sensi- 
tive than common species; this information 
would be particularly important for conser- 
vation planners in species-rich regions. 
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The authors further report that roughly 
one-tenth to a third of mobile organisms 
show positive and even large positive range 
responses. Might this imply the replacement 
of many “climate losers” with far fewer “cli- 
mate winners” in a simplifying ecological 
landscape? What would the implications be 
for ecosystem resilience and functioning? 

Policy-makers are increasingly focusing 
on solutions to climate change challenges. 
Much research is under way on the prac- 
ticality of achieving the more stringent 
warming targets that would avoid the 
biodiversity risks highlighted by Warren 
et al. To do so, a transformative shift in 
energy production systems alone may not 
be enough, but negative emissions may be 
needed (17). However, integrated assess- 
ment modeling indicates that negative 
emissions technologies and in CO, removal 
approaches are likely to lead to increased 
land use (12), which itself may adversely 
affect biodiversity. Warren et al. suggest 
that implementation of “Article 2-compli- 
ant mitigation” may help to resolve this 
nexus between biodiversity, climate, and 
land-use priorities. This is a reference to 
the judiciously worded objective of the 
UNFCCC itself, crafted in the early 1990s, 
which calls for prevention of “danger- 
ous anthropogenic interference with the 
climate system” but “within a time frame 
sufficient to allow ecosystems to adapt 
naturally to climate change, to ensure that 
food production is not threatened and to 
enable economic development to proceed 
in a sustainable manner” (13). 

Warren et al. do not elaborate upon op- 
tions under consideration that prioritize 
land-based carbon sequestration but that 
may themselves severely threaten bio- 
diversity. This is particularly the case if 
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carbon dioxide emissions, but may reduce space for indigenous biodiversity. 
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ecosystems identified with high carbon se- 
questration potential are not considered 
valuable in biodiversity terms. For example, 
fire suppression to enhance carbon seques- 
tration in the South American Cerrado has 
led to biodiversity losses (74), and ancient 
open tropical grasslands that are biodiver- 
sity-rich but shade-intolerant appear to be 
at risk of possible afforestation in pursuit of 
enhanced carbon sequestration (15). 

Some integrated assessment modeling 
approaches that explore competing land-use 
objectives are being strengthened by incor- 
porating explicit consideration of biodiver- 
sity concerns. Such analyses are vital for 
new assessments by the Intergovernmental 
Platform on Biodiversity and Ecosystem Ser- 
vices, which is well placed to integrate these 
diverse concerns. Nonetheless, as the nature 
of the trade-offs we face comes into sharper 
relief, it is clear that the pathways to a sus- 
tainable future have narrowed. ® 


REFERENCES 


1. Page 18, Message 5 in https://unfccc.int/sites/default/ 
files/resource/docs/2015/sb/eng/infO1.pdf. 

. Article 2a of the Paris Agreement; https://unfccc.int/ 
resource/docs/2015/cop21/eng/109r01.pdf. 

3. R.Warrenetal., Science 360, 791 (2018). 

4. S.Rahmstorfetal., Environ. Res. Lett. 12,054001 (2017). 

5 

6 


ine) 


. G.P. Peters etal., Nat. Clim. Chang. 7,848 (2017). 
. L.Caesar,S.Rahmstorf, A. Robinson, G. Feulner, V. Saba, 
Nature 556, 191 (2018). 

7. T.P.Hughes et al., Science 359, 80 (2018). 

8. C.Wittetal., Dtsch. Arztebl. Int. 112,878 (2015). 

9. M.C.Urban, Science 348, 571 (2015). 

0. C.W. Snyder, Nature 538, 226 (2016). 

1. T.Gasser, C. Guivarch, K. Tachiiri, C. D. Jones, P. Ciais, Nat. 

Commun. 6, 7958 (2015). 

12. T.G.Bentonetal., Curr. Opin. Environ. Sustain. 31,88 
(2018). 

13. Article 2 of the United Nations Framework Convention 
on Climate Change; https://unfccc.int/resource/docs/ 
convkp/conveng.pdf. 

14. R.C.R.Abreuetal., Sci. Adv. 3, e1701284 (2017). 

15. W.J.Bond, Science 351,120 (2016). 


10.1126/science.aat6671 


18 MAY 2018 » VOL 360 ISSUE 6390 715 


8LOz ‘og Aew uo /i0 Bewaoua!os aoualos//:djyjy wos papeojumog 


INSIGHTS 


POLICY FORUM 


RESEARCH CAREERS 


Improving support for young 
biomedical scientists 


Expand grant programs to encourage innovative research 


By Bruce Alberts,’ Tony Hyman,” 
Christopher L. Pickett,** Shirley 
Tilghman,* Harold Varmus® 


ver the past several years, we and 
others in the biomedical research 
community have become increas- 
ingly concerned that younger sci- 
entists are not being adequately 
supported as independent academic 
investigators and that, of equal importance, 
these newly launched investigators are be- 
ing strongly discouraged from tackling 
novel scientific problems (7-6). Both issues 
can prevent talented trainees from aspiring 
to careers in biomedical research, despite 
the extraordinary opportunities offered 
by new technologies and recent discover- 
ies. We view this situation as an existential 
threat to our profession, demanding that we 
urgently confront the underlying problems. 
It is widely recognized that 
career pathways for young 


This is evident from the number of those 
holding NIH RO1 grants, the type most of- 
ten awarded to independent investigators 
(see the figure, left). The factors responsible 
for this shift include the aging of the popu- 
lation, the elimination of a mandatory U.S. 
retirement age, the lengthening of graduate 
and postdoctoral training, and the often 
multiyear delay between assuming a faculty 
position and successfully competing for an 
NIH grant (4, 8). 

A cardinal feature of the shift is a dramatic 
reduction in NIH-funded investigators un- 
der the age of 37 (see the figure, right). De- 
spite a large increase in the NIH budget and 
number of grants awarded since the early 
1980s, there has been a greater than fivefold 
decrease in the number of investigators aged 
36 or younger who hold ROl-type grants: 
from more than 2500 grant holders to fewer 
than 500. Expressed in terms of NIH dol- 
lars, the proportion of all 
NIH funding awarded to 


scientists have changed ¢ e ege scientists under the age of 
dramatically and that over ~. the US. scientific 36 has dropped from 5.6% 
i sara — community is - nae - ci 7 2012 (1). 

iomedica' .D’s today : < though valuable support 
will be employed in posi- doing a poor. ‘job of from philanthropic orga- 
tions other than academic renewing itself: 99 nizations is provided to a 


faculty (7, 5). The U.S. Na- 
tional Academies of Sci- 
ences, Engineering, and Medicine recently 
released a report that addresses many im- 
portant aspects of these cultural changes 
(7). Here we focus on the problems faced 
by those who will renew the ranks of aca- 
demic research faculty, with proposals that 
complement the recommendations in that 
report. Drawing on lessons from Europe 
and the United States, we propose three 
steps that could be taken by funding agen- 
cies, specifically the U.S. National Institutes 
of Health (NIH) but also others across the 
world, to support young investigators in 
more constructive and effective ways. 


THE NATURE OF THE DILEMMA 

Major changes have occurred in the demo- 
graphics of funded biomedical investigators 
in the United States, with a striking shift of 
awardees from younger to older scientists. 
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select set of young investi- 
gators, the scale of that sup- 
port is much too small to compensate for the 
above changes. Thus, by these measures, the 
US. scientific community is doing a poor job 
of renewing itself. 

The claim that investigators early in their 
careers are being discouraged from ad- 
dressing the most challenging problems in 
biomedicine rests on less quantitative obser- 
vations. But in our experience, the next gener- 
ation of scientists report that the peer-review 
process for grant applications is perceived to 
be unduly conservative because of the hyper- 
competitive grant-funding environment, dis- 
couraging them from proposing to conduct 
highly original work (7, 9). In conversations 
with trainees and young faculty, we have re- 
peatedly heard that emerging scientists feel 
compelled to remain well within the bounds 
of the research that they and their mentors 
are already pursuing, because obtaining a 
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research grant requires strong preliminary 
data and a high probability of success. 

In addition, many junior and senior 
scientists operate with the conviction that 
essential components of the grant-making 
system, including peer reviewers and agency 
administrators, currently undervalue re- 
search that seeks to decipher the funda- 
mental principles of living systems, in favor 
of projects with shorter-term objectives that 
focus directly on human diseases—so-called 
translational biomedical research. Yet the 
history of science has repeatedly shown 
that insightful studies of basic biological 
mechanisms in easily manipulated model 
organisms—such as bacteria, yeast, worms, 
and flies—provide revolutionary insights 
into life processes. Over the long term, these 
discoveries contribute to human health in 
profound ways (10). 


ADDRESSING THE SITUATION IN THE 
EUROPEAN UNION AND THE UNITED STATES 
Some ideas on how best to fund young sci- 
entists have recently come from Europe. 
In 2007, the European Research Council 
(ERC) launched its Starting Grants (StG) 
program, aimed at young scientists from all 
disciplines who received their Ph.D. within 
the previous 2 to 7 years. At the same time, 
the ERC initiated the parallel Advanced 
Grant program, open to applicants at any 
career stage, which likewise emphasizes in- 
novative interdisciplinary research. Since 
then, the ERC has added a third category, 
the Consolidator Grant award, designed to 
support investigators who have previously 
received a single grant, such as a StG award, 
and are 7 to 12 years post-Ph.D. Importantly, 
the competitions for the three grant cat- 
egories are conducted separately, and the 
awards are supported from three indepen- 
dent budgets (2). 

This division of careers into three stages 
has a number of advantages. First and most 
crucially, investigators conducting their first 
independent projects and those stabilizing 
their laboratory programs are competing 
against scientists at the same career stage, 
not against senior scientists with longer 
careers and stronger reputations. Second, 
different criteria for review can be applied 
to applicants at different career stages. In 
this way, the StGs encourage applicants to 
pursue highly original projects when they 
start their own laboratories, without requir- 
ing extensive preliminary data. 
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Competition for these pan-European 
StGs is held annually, and each of the 100 
to 200 successful applicants in the life sci- 
ences receives substantial funding, €1.5 mil- 
lion over 5 years. A critical feature of the 
process is the use of nine review panels, 
each composed of outstanding scientists 
coming from a broad range of disciplines 
and many European countries; this serves 
to minimize narrow specialization and to 
focus decisions on the broad implications 
of the proposals (2). 

The ERC has recently completed a quali- 
tative evaluation of the outcomes from the 
first several classes of investigators who 
completed the full course of funding from 
the ERC StGs. The results are very encour- 
aging. Of the 199 individuals evaluated, 43 
were judged to have produced a “scientific 
breakthrough,” and 99 were thought to have 
generated a “major advance” (17). An ERC 
StG is now seen as a stamp of quality for a 
new investigator and his or her institution. 

The NIH leadership has also been atten- 
tive to these problems. Over the past few 
decades, the agency has experimented with 
several programs designed to fund the next 
generation of biomedical scientists more 
effectively and at earlier ages (2). Some of 
these experiments, such as the R29 [First 
Independent Research Support and Transi- 
tion (FIRST) Award] grant program, were 
discontinued after unfavorable evaluations 
that suggested the award stifled new inves- 
tigators’ careers. Other programs, such as 
the policy initiated in 2008 to raise the suc- 
cess rates of applications from Early Stage 
Investigators (ESIs; applicants within 10 
years of receipt of their Ph.D. or completion 
of clinical training), have made a difference, 
and they continue. Additional experiments 
include the Early Independence (DP5) and 
the New Innovator (DP2) awards, popular 


programs that provide only a small number 
of research grants each year. 

To be eligible for a DP2 grant, a scientist 
must be an ESI and cannot have received a 
major grant previously. The criteria for se- 
lection emphasize imaginative and original 
scientific goals without a requirement for 
preliminary results. These DP2 grants are 
generous with funds and time, providing 
$300,000 per year in direct research costs 
for 5 years. In addition, all of the money is 
provided at the start of the award period, so 
that expenditures can be tailored to the needs 
of each investigator (for example, to purchase 
major equipment). Although nearly 2200 
DP2 applications were received in the initial 
year (2007), the fiscal allocation through the 
NIH Director’s Common Fund allowed only 
30 awards to be made. This presumably sent 
a discouraging signal, because only about 550 
applications are now received each year, with 
100 finalists selected by a single broad review 
group. After further evaluation, about 40 to 
60 awards are made (72). 

The NIH has just completed a careful ex- 
ternal evaluation of the first three cohorts of 
DP2 recipients, compared to an equivalent 
control group, that deemed the program a 
success. This grant program is supporting 
“research that is more innovative, risky, and 
impactful than research that typically is 
reviewed and funded using the traditional 
RO1 program.” In addition, despite con- 
cerns that supporting ESIs to pursue highly 
original research topics might place their 
careers in jeopardy, the evaluation found 
that receiving a DP2 award did not hinder a 
young scientist’s career (13). 

Encouraged by directives in last year’s 
21st Century Cures Act enacted by Congress 
and responsive to concerns in the research 
community, the NIH has announced its 
intention to enlarge the cohort of young 


investigators who receive RO1-type grants. 
NIH leadership has provided a list of 
mechanisms by which individual institutes 
and centers might increase the number 
of awards made to younger investigators 
and reaffirmed the NIH’s commitment to 
improving prospects for ESIs (3). That an- 
nouncement also defined a new category 
of applicant, the Early Established Inves- 
tigator (EEI)—a scientist who has received 
only one ROl-type grant and is thus for- 
mally analogous to a candidate for the ERC 
Consolidator Grant. This new NIH policy 
statement includes a pledge to increase the 
number of ROI-type grants made each year 
to ESIs and EEIs by a few hundred in each 
category; however, the precise number of 
additional awards and the definitions of 
beneficiaries are still under review (3). 


THREE SPECIFIC PROPOSALS 

We are encouraged by the continued engage- 
ment of NIH leadership with the plight of 
young investigators. It is in that spirit that 
we propose three additional steps to enhance 
opportunities for early stage investigators. 


Greatly expand use of the DP2 mechanism 

The DP2 award has now been used for a 
decade and evaluated favorably. We believe 
it deserves expanded use and propose that 
the NIH move in a step-wise manner toward 
providing greater NIH resources to ESIs 
through this mechanism. In 2016, the NIH 
funded 908 of the 3937 applications from 
ESIs for RO1-type grants, and the NIH now 
proposes to award grants to about 1100 ESIs 
annually (3, 14). We suggest that the NIH 
move gradually toward making half of those 
awards (about 550) as DP2 grants. This num- 
ber would greatly increase the probability 
that an ESI will explore new approaches to 
an important biological problem. The NIH 


The increasing age of principal investigators funded by the NIH 
(Left) The age distribution of NIH RO1-type funded principal investigators (Pls) in 1980 and 2015. (Right) The percent of NIH Pls with RO1-type funding plotted against 
year, selecting out older and younger age brackets. RO1-type grants are defined as RO1, R23, R29, and R37 awards. Data are from files posted for the NIH’s Early Stage 
and Early Established Investigators at https://grants.nih.gov/policy/new_investigators/index.htm (file name “Age of RPG Awardees 1980 to 2015 from SARB File 191-16"). 
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should, of course, monitor expansion of the 
program to ensure that the quality of funded 
applications remains high and to identify any 
possible bias in making awards. The critical 
goal is to liberate new independent investi- 
gators, as well as the graduate students and 
postdoctoral fellows who will soon become 
independent, from the widely perceived tyr- 
anny of conventional thinking. 

One can question whether a major ex- 
pansion of the DP2 program would be able 
to reduce the average age at which new in- 
vestigators in the United States are funded, 
given the large backlog of postdocs compet- 
ing for a limited number of independent po- 
sitions at U.S. research institutions. In the 
current funding environment, why would 
a university hire a scientist proposing to 
undertake an innovative research program 
after only a few years of postdoc training, 
when the institution could hire someone 
with several more years of training, many 
more publications, and a plan to continue 
an already productive research program? 
We propose that, by providing sufficient 
funds for new faculty without a preexisting 
publication record on a proposed research 
topic, the NIH would free university search 
committees to think more imaginatively 
about the type of science and scientists that 
they want for their institutions. 

To encourage this type of hiring, we rec- 
ommend that the NIH adopt two current 
practices of the ERC. The first is to allow 
postdocs to apply for a DP2 award, pro- 
vided that he or she has secured a faculty 
position that is conditional on the award 
decision. This is the case for the ERC StGs, 
where, in addition, a successful applicant 
retains the option of shifting institutions 
after the grant has been awarded. The sec- 
ond is to restrict DP2 grants, over time, 
to applicants who completed their Ph.D. 
or clinical training between 2 and 7 years 
ago, with allowable exceptions, instead of 
the current 10-year limit. This reeommen- 
dation recognizes that young investigators 
will often wait until the end of any eligibil- 
ity period to apply, so as to expand their 
prior records. Reducing the number of 
years of eligibility for DP2 awards would 
thus encourage two healthy trends: less 
time in postdoctoral training and earlier 
research independence. 

Much of the recommended expansion of 
the DP2 program could be accomplished 
within the NIH Director’s Common Fund, 
which this year totals $588 million, perhaps 
by not replacing some of its special initia- 
tives when they expire. In addition, the in- 
dividual institutes should consider funding 
a greater number of DP2 grants, as an ef- 
fective way to recruit a new generation of 
scientists to address institute missions. 
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Increase the funding of young investigators 
through requests for applications (RFAs) 

It is often underappreciated that NIH 
institutes and centers issue substantial 
numbers of RO1-type grants to applicants 
responding to RFAs—“top-down” initia- 
tives, in which institutes identify priority 
topics to be funded, in contrast to the tra- 
ditional “bottom-up” investigator-initiated 
awards. Ideally, RFAs can be used to attract 
more investigators into fields of research 
that warrant greater attention because the 
public health needs are great or because 
new findings or technologies offer unex- 
pected opportunities for progress. In 2016, 
the total number of new NIH ROls was 
4541; of these, 333 (7.3%) were awarded 
through an RFA. 

We propose that the NIH mandate that a 
substantial percentage of grants be awarded 
to ESIs as part of both institute-sponsored 
RFAs and NIH-wide initiatives, such as the 
Cancer Moonshot and the Brain Research 
through Advancing Innovative Neurotech- 
nologies (BRAIN) Initiative, and that the 
ESI competition be conducted using the 


“the NIH would free... 
search committees to 
think more imaginatively 
about the type of... 
scientists that they want 
for their institutions.” 


selection criteria already used for DP2 
awards. Reserving funds in each case for a 
separately reviewed, DP2-type competition 
that stresses experimental originality would 
both attract new scientists into the targeted 
field and encourage new approaches to an 
important problem. 


Experiment with separate competitions for 
ESIs when awarding traditional investigator- 
initiated RO1 grants 

For several years, the NIH has encouraged 
its institutes to favor ESI applicants when 
selecting recipients of new grants. This 
has produced higher success rates for ESIs 
at some institutes, but it has not achieved 
a substantial change in workforce demo- 
graphics (see the figure). 

To reach a greater representation of 
young investigators among grant recipients, 
we suggest that the NIH experiment with 
the kind of strategy adopted by the ERC, in 
which ESIs compete separately for predes- 
ignated numbers of RO1 awards, rather than 
against the entire pool of applicants. 
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An ideal funding program for young bio- 
medical scientists would award enough in- 
dependent grants to young investigators to 
inspire the most talented students to aim 
for scientific careers, while simultaneously 
encouraging them to attempt to solve im- 
portant biological problems in new ways. 
We recognize, as does NIH leadership, that 
earmarking funds to support more young in- 
vestigators will come at a cost to older inves- 
tigators (3, 4). Nevertheless, it is important to 
make this shift, which we consider essential 
for the future vitality of biomedical research. 
If properly implemented, our proposals could 
substantially increase the number of scien- 
tists under 40 years old who receive indepen- 
dent research support, while enhancing the 
originality of their research. These changes 
should also find support in Congress, which 
has repeatedly expressed concern about the 
status of young investigators. 
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The rise and fall of Theranos 


A biotech company’s blood test proves too good to be true 


By Jennifer Couzin-Frankel 


n the opening pages of Bad Blood, the 
chief financial officer for the blood- 
testing company Theranos meets with 
his boss, Elizabeth Holmes, a charis- 
matic 20-something Stanford Univer- 
sity dropout, and warns her that the 
company must stop lying to its investors. 
Holmes’s expression turns icy. She informs 
him that he’s not a team player. 
Then she fires him on the spot. 

Variations on this story re- 
cur throughout this engrossing 
new book by John Carreyrou, 
the Wall Street Journal reporter 
whose articles—guided by doz- 
ens of frightened but determined 
sources—brought down Theranos. 
The fraud that fooled everyone 
from Walgreens to U.S. statesmen 
is almost too fantastical to be be- 
lieved. Holmes, vindictive and par- 
anoid, and the company’s number 
two, Ramesh “Sunny” Balwani, a bully almost 
20 years her senior with whom she was in a 
romantic relationship, are pitted against em- 
ployees frantic that patients will be harmed 
by a technology that doesn’t work. 

Holmes dreamed up Theranos in 2003, 
while at Stanford. She had recently com- 
pleted an internship at the Genome Insti- 
tute of Singapore, where she tested patient 
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Bad Blood 
Secrets and Lies ina 
Silicon Valley Startup 

John Carreyrou 


samples for the severe acute respiratory syn- 
drome (SARS) virus that had devastated Asia. 
Determined to transform the clunky testing 
technology, Holmes imagined an arm patch 
that would diagnose and treat medical con- 
ditions. This morphed into Theranos test- 
ing devices, which she claimed could run 
hundreds of tests on a few drops of blood. 

It was a remarkable idea. There was just 
one problem: Scientists and engineers at 
Theranos couldn’t produce reli- 
able results, at least not in the 
time frame demanded. That didn’t 
stop Holmes and Balwani from 
raking in hundreds of millions of 
investor dollars or from deploying 
the error-prone machines for use 
on unsuspecting patients. 

Venture capitalists—particu- 
larly ones less familiar with medi- 
cal technologies—were riveted by 
Holmes’s vision and her passion- 
ate pitches (no matter, Carreyrou 
writes, that she invented projected 
profits and falsely claimed that the U.S. mili- 
tary had stationed her devices on Humvees in 
Iraq). Companies such as Safeway and Wal- 
greens feared missing out on a revolutionary 
technology that they imagined would vault 
them ahead of their competitors. And it’s 
hard not to notice that many in thrall with 
Holmes were older men who often invested 
in the company or joined her board of direc- 
tors: George Shultz, a secretary of state under 
President Ronald Reagan; Larry Ellison, the 
billionaire who cofounded the Oracle Corpo- 
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A driven entrepreneur, before the company’s downfall 
Elizabeth Holmes was touted as “the next Steve Jobs.” 


ration; and James Mattis, now U.S. secretary 
of defense, among others. 

Theranos also benefited from uncertainty 
among regulators, who struggled to identify 
which agency should be charged with polic- 
ing its services. Was the company offering 
simple blood tests, which fall under the Cen- 
ters for Medicare and Medicaid Services? Did 
it have a diagnostic tool, governed by the U.S. 
Food and Drug Administration? Or was the 
Theranos product a “laboratory developed 
test,” at the time a more unusual offering in 
a regulatory gray zone? Like many legitimate 
companies, Holmes pressed for whichever 
oversight would prove easier to navigate and 
managed to place her testing machines in 
drugstores without validation. 

But if the scientific fraud is impressive, it’s 
Holmes’s reportedly ruthless treatment of 
anyone who challenged her that makes Bad 
Blood hard to put down. Theranos, Carreyrou 
writes, was a revolving door, as Holmes and 
Balwani fired anyone who voiced even tenta- 
tive doubts. (He shares that Holmes stopped 
speaking to an employee whose sister turned 
down a Theranos job offer.) Company emails 
were strictly monitored; legal threats were 
frequent and aggressive. One former em- 
ployee suspected being followed. The family 
of another shelled out hundreds of thousands 
of dollars in legal fees to protect themselves. 

Bad Blood boasts movie-scene detail—in- 
deed, a film based on the book is under way. 
In one passage, for example, Holmes’s father 
flies a paper airplane toward her during 
Christmas dinner, with “P.H.D.” written on 
the side. (“No, Dad, I’m not interested in get- 
ting a Ph.D., I want to make money,’ she tells 
him.) But the book’s detail can be dizzying, 
making it hard to follow the various narrative 
threads and the dozens of named individuals. 

Theranos employees are the story’s heroes, 
with the force of journalism not far behind. 
In the last quarter of Bad Blood, Carreyrou 
describes the tip that ultimately led him to 
expose the company’s misdeeds. Nailing the 
story required coaxing truth from physicians 
and former employees, many of them fearful 
of legal action, and, with his superiors, facing 
down Theranos’s threats to the Journal. 

What’s frightening is how easy it is to 
imagine a different outcome, one in which the 
company’s blood-testing devices continued to 
proliferate. That the story played out as it did 
is a testament to the many individuals who 
spoke up, at great personal risk. 
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Einstein goes east 


Private travel diaries reveal the physicist’s 
musings and moments of self-reflection 


By Andrew Robinson 


rom 1922 to 1923, Albert Einstein main- 
tained a private travel diary, which is 
alive with his important and trivial 
adventures. Notably, however, he failed 
to record the news that he had been 
awarded the Nobel Prize. 

This omission suggests both confidence 
in his scientific ideas and a lack of personal 
vanity but also suggests alienation from nor- 
mal human emotion: that which he later 
deprecated as the “chains of the ‘merely per- 
sonal’” in his Autobiographical Notes (1949). 

Having recently read the German psychia- 
trist Ernst Kretschmer’s book Physique and 
Character, Einstein appears to recognize early 
in the diary, in a rare moment of self-analysis, 
that his own character might be defined by 
“Hypersensitivity transformed into indiffer- 
ence. During adolescence, inwardly inhibited 
and unworldly. Glass pane between subject 
and other people. Unmotivated mistrust. 
Substitute paper world. Ascetic impulses.” 

Einstein’s travel diaries, kept under wraps 
during his lifetime, were posthumously 
quoted in biographies and studies, most 
extensively in Josef Eisinger’s Einstein on 
the Road (2011). In 2012, the en- 
tire 1922-1923 diary appeared in 
translation in volume 13 of The 
Collected Papers of Albert Einstein. 
But until now it has not been pub- 
lished as its own, stand-alone book. 

The Travel Diaries is a substan- 
tially revised version of the 2012 
translation that comes with an 
illuminating introduction and as- 
tonishingly comprehensive end- 
notes by Ze’ev Rosenkranz, 
senior editor of the Einstein 
Papers Project and author of 
Einstein Before Israel, which in- 
cludes his 1923 visit to Palestine. 

Einstein’s 1922-1923 travels were triggered 
by a request from a Japanese publisher to 
give lectures on relativity in Japan. The trip 
coincided with serious threats to Einstein’s 
safety in Germany from anti-Semitic right- 
wing forces following the assassination in 
June 1922 of his friend and fellow Jew, Wal- 
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The Travel Diaries 
of Albert Einstein 
The Far East, Palestine, 
and Spain, 1922-1923 
Ze'ev Rosenkranz, Ed. 
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“Albert Einstein or The Nose as a Reservoir for Thoughts,” by the Japanese cartoonist Ippei Okamoto, 1922. 


ther Rathenau, Germany’s foreign minister. 
Accompanied by his second wife, Elsa, Ein- 
stein began his sea voyage in Marseilles in 
October 1922 and traveled to Japan via the 
Suez Canal, Ceylon, Singapore, Hong Kong, 
and Shanghai. The pair returned to Germany 
through Palestine and Spain in March 1923. 

Rosenkranz enthuses in a preface, “Albert 
Einstein’s travel diaries are, by far, my favor- 
ite documents penned by him. I 
have always enjoyed his quirky 
style, his acerbic quips about the 
individuals he met, and the col- 
orful descriptions of the hustle 
and bustle in his ports of call.” 
But then he confesses, “It was 
only later that I started to notice 
the more troublesome entries in 
his journal, in which he, at times, 
made what amounted to xeno- 
phobic comments about some 
of the peoples he encountered. I 
began to ask myself: how could 
this humanist icon be the author 
of such passages?” 

Consider Einstein’s entry written in 
Hong Kong on 10 November after observing 
the Chinese quarter on the mainland: “In- 
dustrious, filthy, lethargic people. Houses 
very formulaic, balconies like beehive-cells, 
everything built close together and mo- 
notonous. ... Even the children are spirit- 
less and look lethargic. It would be a pity 
if these Chinese supplant all other races.” 
Comments Rosenkranz, “It seems clear that 
Einstein has bought—to some extent—into 
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the perceived threat of ‘the yellow peril’” 
Japan, by contrast, pushes Einstein to 
the opposite extreme. His diary reveals en- 
chantment with the Japanese landscape, 
houses, temples, people, and painting (if not 
so much the music). In an article on his im- 
pressions written not long before departure, 
Einstein concludes, “The Japanese rightfully 
admires the intellectual achievements of 
the West and immerses himself successfully 
and with great idealism in the sciences. But 
let him not thereby forget to keep pure the 
great attributes in which he is superior to the 
West—the artful shaping of life, modesty and 
unpretentiousness in his personal needs, and 
the purity and calm of the Japanese soul.” 
Nowhere in 6 weeks of Japanese travels does 
Einstein—despite his lifelong detestation 
of German militarism—anticipate Japan’s 
forthcoming slide toward an authoritarian 
regime, as he did in Weimar Germany. 

Only later, in Palestine, does Einstein re- 
gain a measure of balance. Although moved 
by his welcome from Jewish settlers, and by 
his key role in the opening ceremony of the 
fledgling Hebrew University, he tells his dia- 
ry on 13 February, “I am wanted in Jerusalem 
at all costs. ... My heart says yes but my mind 
says no.” He never returned but worked as- 
siduously for Jewish causes until the 1950s. 

Anyone interested in Einstein’s complex, 
sometimes self-contradictory, character will 
be enjoyably provoked by reading his pi- 
quant Travel Diaries. 
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Beware silent waning 
of shark protection 


On 2 October 2011, the Republic of the 
Marshall Islands (RMI) declared the 
world’s largest shark sanctuary, adding 
1,990,530 km? to the rapidly expanding 
shark sanctuary movement. News outlets 
praised the policy, citing its widespread 
local support and protection laws, the 
strongest to date (/, 2). Moreover, it was 
hailed a substantial victory because the 
government chose to protect sharks despite 
pressures from politically influential fisher- 
ies and other interest groups (3). However, 
in 2016, mounting pressure from those 
same fishing interests convinced members 
of the government to weaken the sanctuary 
law (4), and the global conservation com- 
munity has taken no action in response. 
Conservationists should determine at what 
point a weakened sanctuary—or any weak- 
ened protected area—should lose its title. 

Expansion of shark sanctuaries has 
paralleled rapid designation of large-scale 
marine protected areas (LSMPAs) (5). Both 
have been criticized for being established 
in areas where political expediency 
outweighs ecological importance (6) and 
capacity for enforcement (7). However, 
unlike LSMPAs, shark sanctuaries have tra- 
ditionally included two rigid regulations: 
They ban commercial retention of sharks 
and, in most cases, prohibit possession of 
shark parts on industrial fishing vessels 
(8). Yet, on 14 November 2017, the RMI 


Parliament amended regulations to allow 
vessels to possess shark parts obtained out- 
side RMI (4), substantially weakening the 
potential for enforcement and the heralded 
benefits for sharks. 

Advocates argue that governments pro- 
tecting threatened species through either 
sanctuaries or LSMPAs should be publicly 
praised (9). They also argue for periodic, 
systematic evaluations of effectiveness 
after implementation (10-12). But if these 
evaluations, which are rare, reveal failures 
in real protection, we should publicly 
discuss these failures. Otherwise, we risk 
publicly accumulating square kilometers 
to meet conservation targets, while silently 
weakening progress and encouraging 
the belief that the work stops when the 
announcement is made. 
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Marine protected 
areas: Just for show? 


In March 2018, Brazil’s government 
announced two sets of large marine 
protected areas (MPAs) in the open ocean 
(about 400,000 km? each). According to 
the government’s ambitious plan (J), the 
total coverage of MPAs under Brazilian 
national jurisdiction will rise sharply 
from 1.5 to 25%, in line with an emerging 
global trend in designation of large MPAs 
(2). Although these new MPAs presented 
an opportunity to make progress toward 
biological priorities, the decision-making 
process instead reflected uninformed 
opportunism (3). Rather than meeting 
conservation goals, the proposed MPAs 
exemplify poor adherence to best practices 
in MPA planning in three ways. 

First, large no-take MPAs—i.e., those 
that prohibit fishing and mining—were 
designated in areas where these activities 
are already unlikely or rare, rather than 
placed where they would be most useful 
to conservation (4). For example, Brazil 
will fully “protect” vast areas in depths 
below 5000 m, covering ecosystems that 
are already de facto protected by poor 
prospects for extractive activities, regard- 
less of the level of management applied 
(4). Shallow seamounts with vulnerable 
habitats and high endemism (5, 6) will 
remain unprotected or within multiple-use 
zones, with ongoing extraction and nega- 
tive impacts on marine biodiversity. 

Second, unlike well-designed MPA 
networks, Brazil’s MPAs fail to account 
for spatial dependencies between areas 
to ensure that they achieve their core 
ecological objective: the maintenance of 
biodiversity over time (7). For example, 
population persistence on the protected 
deep seamounts will depend largely upon 
larvae transported from unprotected 
seamounts closer to the continental shelf 
(6), which are likely to be under high fish- 
ing pressure. If populations on protected 
seamounts are not self-recruiting, or 
fail to receive enough larvae from fished 
areas, they will also decline, and may fail 
to persist. 

Third, designing large MPAs in the open 
ocean to regulate fishing of mobile pelagic 
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species (such as tuna and pelagic sharks) 
has long been considered a challenge for 
conservation planning (8). To be adequate, 
MPAs should encompass the home range 
and territory of adults of targeted species 
(9). The maximum horizontal dimension 
of the new Brazilian MPAs is 740 km; this 
range would not meet the requirements for 
species that display high mobility, which 
have home ranges wider than 1000 km (9). 
The success of remote MPAs in managing 


OUTSIDE THE TOWER 


pelagic species also depends highly on 
compliance (70), which will require sub- 
stantial resources devoted to enforcement. 
Brazil’s government has committed such 
resources, but funding of management 

in already-established Brazilian MPAs is 
known to be inadequate (J1). 

Large MPAs can be flagships for meeting 
global conservation aspirations such as 
Aichi Target 11 (72) yet still fail to contrib- 
ute to marine conservation, giving a false 


Sharing chemistry with Maori students 


| am bubbling dry ice in a beaker of sea water, showing how global warming is affecting 
our oceans, in front of Waikawa marae (a Maori meeting place) in Waikawa Bay, New 
Zealand. Fifty 14- to 16-year-old Maori students watch the demonstration intently. | have 
traveled for 6 hours to stay on this marae and show the students of the local iwi (tribe) 
that science isn’t always carried out in a lab with a white coat on. Science, | tell them, is 
all around us in our everyday lives and works alongside Maori traditional knowledge. By 
linking traditions of caring for the environment with modern science, | hope to encourage 
Maori students to become the scientists our country needs. 

After the last experiment in the chemistry show, | sit down with the students and 
share some chemistry YouTube videos on my laptop. One student, a young girl who 
spends any spare moment trying to start a game of rugby, marvels at how much the 
university is paying to fly me to the marae and provide materials for the program. She 
asks, “Why pay all that money just to come and do science with us?” 

“Your teachers believe in you, and we think you're worth it.” 


Silence. 


By the end of the visit, 50 students, local teachers, and | have slept in the same room 
for nearly a week, shared the cooking and cleaning, and worked together to test the 
water quality of the local river. To me, the essence of the Science Wananga program (a 
Maori learning forum that involves rich and dynamic sharing of knowledge; www.otago. 
ac.nz/science-wananga) is to show Maori students that they are worth investing in. 

Although the program aims to inspire Maori students to take an interest in science, 
scientists such as myself learn a great deal during our stay. Maori traditions of caring 
for the environment have been passed on for hundreds of years, and through Science 
Wananga | gained a great deal of respect for New Zealand's indigenous people. The 
Maori people's relationship with their environment makes clear that these students 
already have the background they need to be fantastic scientists. We simply must 


invest in their education. 
Marina Roxburgh 


Department of Chemistry, University of Otago, Dunedin, 9010, New Zealand. 


Email: mroxburgh@chemistry.otago.ac.nz 


724 18 MAY 2018 « VOL 360 ISSUE 6390 


10.1126/science.aat6040 


Published by AAAS 


sense of conservation achievement. We 
encourage Brazilian authorities to embrace 
biodiversity values as they work to meet 
policy targets, rather than merely protecting 
a certain percentage of the ocean. 
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Comment on “Maxima in the thermody- 
namic response and correlation functions 
of deeply supercooled water” 


Frédéric Caupin, Vincent Holten, Chen 
Qiu, Emmanuel Guillerm, Max Wilke, 
Martin Frenz, José Teixeira, Alan K. Soper 
Kim et al. recently measured the structure 
factor of deeply supercooled water drop- 

lets (Reports, 22 December 2017, p. 1589). 
We raise several concerns about their data 
analysis and interpretation. In our opinion, 
the reported data do not lead to clear conclu- 
sions about the origins of water's anomalies. 
Full text: dx.doi.org/10.1126/science.aatl1634 


Response to Comment on “Maxima in the 
thermodynamic response and correlation 
functions of deeply supercooled water” 


Kyung Hwan Kim, Alexander Spiah, 
Harshad Pathak, Fivos Perakis, Daniel 
Mariedahl, Katrin Amann-Winkel, Jonas 
A. Sellberg, Jae Hyuk Lee, Sangsoo Kim, 
Jaehyun Park, Ki Hyun Nam, Tetsuo 
Katayama, Anders Nilsson 

Caupin et al. have raised several issues 
regarding our recent paper on maxima in 
thermodynamic response and correlation 
functions in deeply supercooled water. We 
show that these issues can be addressed 
without affecting the conclusion of the paper. 
Full text: dx.doi.org/10.1126/science.aat1729 


sciencemag.org SCIENCE 


PHOTO: DAVE WARREN, UNIVERSITY OF OTAGO 


Blog ‘og Aew uo /610'Bewaeousios a0ua!0s//:dyyy Wodj pepeojumMoqg 


RESEARCH 


TECHNICAL COMMENT 


WATER THERMODYNAMICS 


Comment on “Maxima in the 
thermodynamic response 
and correlation functions of 
deeply supercooled water” 


Frédéric Caupin,’* Vincent Holten,’ Chen Qiu,” Emmanuel Guillerm,’ Max Wilke,” 


Martin Frenz,” José Teixeira,* Alan K. Soper” 


Kim et al. recently measured the structure factor of deeply supercooled water droplets 
(Reports, 22 December 2017, p. 1589). We raise several concerns about their data analysis 
and interpretation. In our opinion, the reported data do not lead to clear conclusions about 


the origins of water’s anomalies. 


he structure factor of a fluid, S(qg), where 

q is the wave vector change, is related by 
Fourier transform to the pair correlation 
function of molecules in the fluid. In water, 

S(@ exhibits a rise at low g, whose ampli- 
tude increases as temperature decreases and 
water becomes supercooled, as observed by Kim 
et al. (1). This anomalous behavior is related to 
«r (compressibility at constant temperature T) 
increasing upon cooling, because S(O) = (p/m) 
kyT«7, where p is the liquid density, m is the 
molecular mass, and fg is the Boltzmann con- 
stant. The analysis in (7) involves Ornstein- 
Zernike formalism, which is reliable near a critical 
point when S(O) and «7 diverge, density fluctua- 
tions are enhanced, and their correlation length € 
becomes much larger than the molecular spacing. 
However, in (2), S(O) and € remain small [S(0) < 
0.1 and € < 0.42 nm], making & very sensitive to 
the choice of splitting S(g) between normal and 
anomalous components (2). Note also that & is 
not a cluster size, as figure 4B of (7) could suggest. 
Kim et al. also deduced «7 from S(O). Knowl- 
edge of p is required but is only available above 
239.74 K (3). To analyze data down to ~227.7 K, 
Kim e¢ al. used an extrapolation intermediate 
between two formulas (3, 4) [figure S8A of (7)]. 
WOlk and Strey (4) overestimated available p (3) 
by 2.6 kg m™ at low temperature and their 
formula should not be used. The intermediate 
choice in (J) has a similar issue. The remaining 
formula (3) is a higher-quality, polynomial fit 
(maximum deviation 0.24 kg m~?). We tried an 
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empirical power law, po + piT' + p,(7/Ts; - 1)", 
suggested by Speedy and Angell (5), where 7; 
and y are adjustable parameters. The fit has the 
same quality as the polynomial, but it extrapo- 
lates to lower densities. For a given value of 
S(0), changing the extrapolation from p to p’ 
multiplies «7 by p/p’. Using the power law with 
T; between 225 and 227 K yields an extremely flat 
trend for «7 at low temperature (Fig. 1), which, 
taking into account the error bars, casts doubt on 
the existence of a maximum. 

Any choice of extrapolation for the density is 
arbitrary. Still, if a choice yields a maximum in 
Kr at a temperature 7,,, one can discuss its 
statistical significance. In their supplementary 
materials, Kim et al. tested the null hypothesis 


“Measured value at T,, is lower than the values 
at lower temperatures” with a p-value analysis: 
“Given the probability densities corresponding 
to the measured data points, [the authors] draw 
a set of values and evaluate whether it fulfills 
the null hypothesis or not.” For the probability 
p to get no maximum in «7, the procedure gives 
p = 11.8% for H,O. However, the premise of the 
test is questionable. It starts by assuming that 
the actual «7(T) curve exhibits a maximum, and 
calculates the probability for an experiment to 
miss it. Here, instead, we first assume that the 
actual «-(T) curve is monotonic, and we calculate 
the probability that an experiment gives an arti- 
ficial maximum. We have tried two ansatze for 
the assumed monotonic curve, which both fit the 
data in (2) within their standard error: (i) a parab- 
ola; (ii) a flatter function, a tanh[b(v/c - 1)] +d 
(Fig. 1). For each temperature reported in the 
experiment, we drew synthetic data from a 
Gaussian distribution around the ansatz func- 
tion, with a standard deviation equal to the ex- 
perimental standard error. We repeated the 
procedure for 10° data sets and measured the 
probability p* to find a maximum value at a 
temperature strictly above the lowest one. The 
result is p* = 35.3% for the parabolic ansatz and 
61.2% for the flatter ansatz. The maximum in «x; 
reported in (J) is not statistically significant. 

We have not considered other effects, such as a 
possible revision of the temperature estimate (6), 
nor have we considered how changing the extrap- 
olation for p would change the normal compo- 
nent [calculated from hard spheres at density p 
(1)] used to decompose S(qg), which would in turn 
alter the results for § and «. In our opinion, from 
the S(q) data in (J, there is no definitive evidence 
for or against a maximum in € or in «;. No conclu- 
sion can be drawn about which scenario should 
be preferred to explain the strange behavior of 
water. 
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Fig. 1. A choice of extrapolation for the density p different from that in Kim et al. yields a very 
flat isothermal compressibility «7; at low temperature. The solid lines show monotonic 
hyperbolic tangent functions that fit the data sets within their standard error (reduced 2 = 0.7). 


18 May 2018 


lof2 


8102 ‘og Aew uo /Bio Beweoualos soua!0s//:dyjy WO papeojuMOGg 


RESEARCH | TECHNICAL COMMENT 


An argument is also put forward in (J) to rule 
out the critical point-free model (7): If the evap- 
orating droplets cross a liquid-liquid transition 
at ambient pressure, the authors would “expect 
a discontinuous change with the coexistence of 
two peaks in the structure factor.” We agree that 
a first-order phase change would be directly ob- 
servable in S(q) if a phase change occurred. How- 
ever, we note that when the droplet temperature 
crosses 273.15 K, although S(g) changes continu- 
ously, this is not sufficient to conclude that ice 
does not exist. What happens is that water re- 
mains liquid in a metastable state with respect 
to ice, beyond the line of liquid-ice equilibrium. 
Metastability is a characteristic feature of first- 
order transitions. Typical conditions to avoid nu- 
cleation of the more stable phase and promote 
metastability are cleanliness, small sample size, 
and short experimental time scales. These condi- 
tions are met by micrometer-sized droplets evap- 
orating in vacuum. Even if they cross the location 
of a first-order equilibrium line (either the well- 
known ice-liquid line or the putative liquid-liquid 
line), they might therefore still remain meta- 
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stable with respect to the other phase, without 
any abrupt change in S(q). 

We conclude by mentioning the first experi- 
mental report (8) of the long-sought line of max- 
imain x, along isobars, overlooked by Kim et al. 
It was proposed (9) that such a line, possibly hid- 
den by the line of homogeneous ice nucleation at 
positive pressure, might emerge in the experi- 
mentally accessible region at negative pressure. 
Early experiments in this region (9) found a min- 
imum in sound velocity along an isochore, and 
a first equation of state for stretched water was 
obtained from interpolation of sound velocity 
(10). However, because of the limited amount of 
data, different interpolations of similar quality 
yielded curves for «7 at negative pressure either 
monotonic or with maxima (J0). Recently, more 
sound velocity minima were measured in samples 
at other densities, which further constrained the 
possible interpolations: They all consistently lead 
toa line of maxima in «x; along isobars around 
-100 MPa and 265 K (8). We emphasize that al- 
though a «; maximum is a necessary condition 
for the validity of both the second critical point 
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scenario (71) and the singularity-free interpre- 
tation (12), it is not sufficient to allow a deci- 
sion between them. The exciting possibility of 
observing more anomalies of water at positive 
pressure by reaching extreme supercooling, as 
in (1) and (6), calls for more experiments. 
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Caupin et al. have raised several issues regarding our recent paper on maxima in 
thermodynamic response and correlation functions in deeply supercooled water. We show 
that these issues can be addressed without affecting the conclusion of the paper. 


aupin et al. (7) question our application 
(2) of the Ornstein-Zernike (OZ) approach 
for noncritical divergence when the cor- 
relation length € becomes small, of similar 
magnitude as the intermolecular distance, 
such that the division of S(q) into normal and 
anomalous components strongly affects the re- 
sulting value of &. First, § is not related to a spe- 
cific distance in real space but is the damping 
factor in the asymptotic decay of the pair cor- 
relation (3). Second, we have followed exactly 
the same procedure in our determination of € 
as earlier outlined by one of the authors of (7) 
[in (4)] for noncritical divergence based on OZ 
theory of 253 K water, using a division of S(q) 
into anomalous and normal components. 
Third, the argument against that approach 
given in reference 2 of (1) is valid for 298 K 
where the low-g enhancement is extremely small, 
contrary to 280 K (see our determined structure 
factor variation in Fig. 1A where a detectable en- 
hancement is clearly observed, which increases 
rapidly upon cooling). Figure 1B shows € as a 
function of temperature, and indeed the error 
bars are large in the estimation of € at high tem- 
peratures (~280 K). At the lower temperatures, 
the enhancement of S(q) at g = 0 is approaching 
a factor of 2 in comparison to the minimum at 
q = 0.5 A”, and the estimation of & becomes 
increasingly independent of the choice of the 
normal component and the density p used, re- 
sulting in small error bars as indicated in (2). 
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Figure 4B in (2) does not show clusters but 
is an illustration of fluctuating regions that vary 
in size as a function of temperature, as described 
in the caption. It is similar to the description 
from one of the authors of (J) [in (5)] as “tran- 
sient hydrogen-bonded patches supported experi- 
mentally by the observation of small-angle x-ray 
scattering.” 

In (2), the compressibility «7; values are re- 
ported by using the extrapolated density p below 
239.74 K, and the exact shape of «(7T) depends 
on the choice of extrapolation to lower temper- 
atures. We already tested the effect from the var- 
ious extrapolations and have shown that it does 
not change the overall shape of the curve [sup- 


0 02 04 
q(1/A) 


plementary text and figure S8 of (2)]. Caupin et al. 
propose to use a power law with 7; between 225 
and 227 K that would yield a flatter temperature 
dependence instead of a maximum. There is a 
clear reason why T; between 225 and 227 K should 
not be used in a power-law fit: p would go signif- 
icantly below the density of low-density amorphous 
ice at 228 and 229 K and would even become 
negative just above 225 and 227 K, respectively, 
which would be unphysical. We note that two 
authors of (7) [in reference 6 of (J)] did not use 
what they propose in (), but instead applied 
extrapolations of p similar to those tested in (2). 

The definition of the null hypothesis given in 
(1) [reproduced from (2)] is unusual. Although 
we did not assume any functional form for the 
test, specific functional forms were used in (1) 
(a parabola or a hyperbolic tangent function) 
even though the correct form is not known. In 
this case, the statistical hypothesis testing will 
relate to whether this specific functional form 
explains the experimental data well or not, and 
it is no longer related to the question regarding 
the presence or absence of a maximum; need- 
less to say, there are an infinite number of other 
functional forms that do not exhibit a maximum. 
We also note that the appearance of a common 
maximum in all the eight plots, intensity of the 
small-angle x-ray scattering (SAXS), derivative 
of the first diffraction peak, €, and «; for H,O 
and D,O, shown in figures 2 and 3 of (2) adds 
further statistical significance to its existence. 

The temperature has been estimated using 
the Knudsen evaporation model exactly in the 
same fashion as by two authors of (J) [in refer- 
ence 6 of (D]. The difference is that in reference 
6 of (J), they determined the droplet diameter 
using Raman spectroscopy, but in (2) we could 
rely on the image from an optical microscope, 
as our droplet sizes are much larger. 


O PAL-XFEL 


230 240 250 260 270 280 
Temperature (K) 


Fig. 1. OZ analysis of SAXS curves and correlation length. (A) Structure factor of H2O measured 
at SACLA from (2) for temperatures between 280 K (dark red) and 231 K (dark blue). Gray 

lines show the OZ fit using the g range up to 0.65 A™. (B) Correlation length obtained from the 
OZ fit for both the SACLA and PAL-XFEL data. The standard errors vary depending on the 
anomalous increase of the structure factor in (A) and are relatively large at high temperatures 


and small at low temperatures. 
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It is true that metastability can occur for a 
hypothetical liquid-liquid phase transition, but 
the singularity point-free model would imply 
that the diverging temperature for the response 
functions would correspond to the spinodal of 
the transition where the metastability would be 
lifted exactly as stated by one of the authors of 
(1) [in (4)]. Because no phase transition is ob- 
served at the maxima of the response and cor- 
relation functions, there is no indication of a 
spinodal and therefore the critical point-free 
model is inconsistent with our experimental 
data. Furthermore, the change in the structure 
factor with temperature goes through a maxi- 
mum, followed by a slower change and finally 
reaching a value close to that of low-density 
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amorphous ice, indicating that a sharp but con- 
tinuous transition has occurred. 

Caupin et al. claim that we have in (2) over- 
looked their study [reference 8 of (J)], which 
cannot be the case when considering the dates: 
The journal receipt date of (2) is almost 1 month 
earlier than that of reference 8 of (1). We also 
note that reference 8 of (J) suggests that there 
are maxima in «x, at negative pressures, which 
is fully consistent with our findings—the exis- 
tence of maxima of, at positive pressures— 
given in (2). 
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and spread of antimicrobial-resistant 
bacterial pathogens p. 733 


Worldwide emergence of resistance 
to antifungal drugs challenges human 
health and food security p. 739 


Prospects for harnessing biocide 
resistance for bioremediation and 
detoxification p. 743 
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Imost. as soon as aritibioties ‘were discovered 

to be ‘valuable in. medicine, resistance emerged 

among bacteria. Whenever mutating or recom- 

bining organisms are faced with extirpation, 

those individuals with variations that avert 

death will survive and reproduce to take over 

the population. This can happen rapidly-among 
organisms that reproduce fast and outpace.our 

efforts to combat them. Thus, our.use of chemi- 

cal entities to rid ourselves of clinical, domestic, and agri- 
cultural pathogens and _ pests has selected for resistance. 

. Today; we find ourselves at the nexus of an’ ¢ 

alarming acceleration of ‘resistance to antibi- 
otics; insecticides, and herbicides. Through 
chemical misuse, resistance also brings wide- 
spread collateral damage to. natural, social, and 


SCIENCE sciencemag.org 


A farmer sprays pesticides 
oncrops: Our health and 
food securityare threatened. 
by escalating resistance to 
such biocides. 


we \ ~~ By Caroline Ash Wh. WGiS 


* economic systems.\Resistance to.antifungal agents poses 


a particular challenge because a limited suite of chemicals 
is used in both agricultural-and clinical settitgs. : 

Evolution will always circumvent head-on attack by 
new biocides, and we may not be able‘to invent-all the 
new products that we need. We must therefore. har- 
ness evolutionary approaches.to find smarter ways to 
minimize the erosion of chemical susceptibility. We now 
have it in our means to integrate a variety of approaches 
to pest and pathogen management, including rigorous 
regulation of prescription behavior, consistent use of 
clinical hygiene measures, physical barriers 
to crop pests, and alternative cropping re- 
gimes. We urgently need to revisit our reli- 
ance on chemicals to ensure our future medi- 
cal and food security: 
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SPECIAL SECTION 


THE RISE OF RESISTANCE 


REVIEW 


Wicked evolution: Can we address 
the sociobiological dilemma 
of pesticide resistance? 


Fred Gould,””* Zachary S. Brown,” Jennifer Kuzma’* 


Resistance to insecticides and herbicides has cost billions of U.S. dollars in the 
agricultural sector and could result in millions of lives lost to insect-vectored diseases. 
We mostly continue to use pesticides as if resistance is a temporary issue that will 

be addressed by commercialization of new pesticides with novel modes of action. 
However, current evidence suggests that insect and weed evolution may outstrip our 
ability to replace outmoded chemicals and other control mechanisms. To avoid this 
outcome, we must address the mix of ecological, genetic, economic, and sociopolitical 
factors that prevent implementation of sustainable pest management practices. 


We offer an ambitious proposition. 


he first documentation of resistance evolv- 

ing to an insecticide was published in 1914, 

and the researcher who discovered the 

problem emphasized that if we did not 

develop approaches for more judicious 
use of insecticides, the problem of resistant 
pests would continue (7). Although agricultur- 
alists have developed the field of “resistance 
management,” with more than 3000 publica- 
tions since 1980 (2), we mostly continue to use 
insecticides and herbicides (hereafter collective- 
ly called pesticides) as if resistance is a temporary 
issue that will be solved by commercialization 
of new products with novel modes of action 
(3). Evolution of resistance by arthropods and 
weeds to control measures costs billions of U.S. 
dollars per year (4, 5) and may lead to loss of 
millions of lives (6). Breakthroughs in chem- 
istry and molecular biology may provide many 
new pesticides and novel methods for pest con- 
trol, but there is also a considerable chance that 
the evolution of pest resistance will outpace hu- 
man innovation. 

Consider the case of malaria, where the use 
of insecticide-treated bednets (ITNs) and in- 
door residual sprays (IRS) is estimated to have 
averted more than 0.5 billion cases of malaria 
between 2000 and 2015 (7). Resistance is evolv- 
ing to the insecticides used, and there is growing 
concern over resurgence of the malaria-vector 
mosquito populations (6). Although efforts are 
being made to develop new insecticides aimed 
at mosquitoes (8), it is not clear that the new 
compounds will become available soon enough 
and be as cost-effective as the current ones. 
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In 1996, companies commercialized genet- 
ically engineered crops that were not harmed 
by glyphosate, an herbicide that has broad- 
spectrum toxicity to weed species. The flexi- 
bility and profits that these crops brought to 
farmers resulted in over 90% of U.S. maize 
(corn), soybean, and cotton hectares planted 
to herbicide-tolerant varieties by 2014 (9). 
The accompanying widespread use of glyph- 
osate resulted in more than 40 weed species 
evolving resistance and consequently diminished 
the utility of the herbicide-tolerant crop vari- 
eties (10) (Fig. 1, left). To address this prob- 
lem, companies have reengineered crops to be 
tolerant of the plant hormone (auxin)-mimicking 
herbicides 2,4-D and Dicamba. These herbicides 
were first commercialized in 1945 and 1967, re- 
spectively. This reaching back to the past has 
become necessary because no herbicides with 
new modes of action have been commercialized 
in more than 30 years (11). Weed species have 
evolved resistance to every herbicide class in 
use (Fig. 1, right), and more than 550 arthropod 
species have resistance to at least one insecti- 
cide (Fig. 2). Cases have emerged where no pes- 
ticide remains effective. In Australia, weeds in 
wheat became resistant to all herbicides avail- 
able and resulted in farmers designing machines 
to harvest weed seeds for population suppres- 
sion [e.g., 12]. 

If we are to address this recalcitrant issue of 
pesticide resistance, we must treat it as a “wicked 
problem,” in the sense that there are social, eco- 
nomic, and biological uncertainties and complex- 
ities interacting in ways that decrease incentives 
for actions aimed at mitigation. Here, we sum- 
marize the interacting factors and conclude 
with a call for government support of ambitious 
landscape-level experiments to assess which pes- 
ticide use strategies decrease resistance risks. 


Ecology and genetics 


Insecticides and herbicides are typically designed 
to disrupt or mimic a single biologically active 


protein that is critical to survival of a pest or- 
ganism. Protein targets in insects are typically 
involved in function of the nervous system, but 
some more recently developed insecticides af- 
fect growth and development. Herbicides often 
target enzymes involved in photosynthesis or 
growth patterns. 

Resistance can emerge from a single mu- 
tation making a protein less susceptible to 
action of the pesticide. Alternatively, a single 
mutation can increase the amount or effici- 
ency of an enzyme that degrades the insecticide 
or herbicide. These two modes of resistance 
are common (13, 14), but other forms of re- 
sistance have been found that involve gene 
duplication or multiple genes acting together, 
each with a small but additive impact on re- 
sistance (15). 

One or two locus population genetic models 
permit a general understanding of pesticide 
resistance evolution. More realistic, predictive 
models require combining population genet- 
ics with empirical data on population biology 
(e.g., life history, mating behavior, and gene 
flow) of the pest species and the fitness of each 
genotype in environments with and without 
the pesticide (i.e., fitness cost). Accurate data 
on these parameters are difficult to collect and 
can vary among localities. Most insecticides are 
sprayed at a specific concentration on a given 
crop, but over time the insecticide decays, so 
insects contacting a sprayed plant 1 day versus 
10 days after the spraying encounter different 
doses. The dose on day 1 might kill 90% of 
insects homozygous for the susceptible allele 
and only 10% of those homozygous for the 
resistant allele, while on day 10, only 20% of 
the susceptible homozygotes would die. If 
most of the insects were encountering the 
insecticide-treated plant on day 1, the rate of 
resistance evolution would be predicted to be 
faster than if most of the encounters were on 
day 10. To further complicate matters with in- 
secticides and herbicides, not every sprayed 
plant or plant leaf receives the same amount 
of pesticide. In sexually reproducing weeds 
and insects, the rate of resistance evolution is 
strongly influenced by the relative fitness (dom- 
inant to recessive) of heterozygotes, and this 
sometimes depends on the dose of pesticide 
encountered in the field (Fig. 3). Thus, it is dif- 
ficult (and controversial) to determine whether 
resistance is expected to evolve more rapidly 
to higher or lower application concentrations 
of a pesticide [e.g., 16, 17]. 

Even more complexity arises in attempts to 
predict resistance evolution when combinations 
of pesticides are applied (78, 19). Although the 
idea that such combinations will slow resistance 
evolution is theoretically controversial and lacks 
empirical support, mixtures are often recom- 
mended at the field level (5). 

Although there is high uncertainty regarding 
many resistance management choices, under al- 
most all circumstances entomologists agree that 
using an integrated pest management (IPM) ap- 
proach that results in fewer insecticide applications 
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should decrease the rate of resistance evolu- 
tion (/8). 

Toxins derived from the bacterium Bacillus 
thuringiensis (Bt) have been widely used in 
engineered insecticidal crops. Here, varia- 
tion in the dose of toxin received by insects 
is less of a problem (20). Engineered plants 
can produce season-long Bt-toxin concentra- 
tions that, for some insect pests, kill all sus- 
ceptible individuals and almost all heterozygotes 
(21). Season-long consistently high toxin doses, 
when coupled with a percentage of the crop 
planted to a nontoxic variety (i.e., that act as 
refuges for susceptibility) is predicted to slow 
resistance evolution by a factor of 10 to 100. This 
strategy is known as the high-dose/refuge ap- 
proach (17) and has been used for more than 
20 years with some target pests. Tabashnik 
and Carriére (22) have examined 30 cases of 
long-term planting of Bt-toxin-producing crops: 
In nine cases where a high dose of Bt was 
achieved, neither economically important tar- 
get pest resistance nor early warnings of re- 
sistance were found, but in 17 of 21 cases in 
which high doses were not achieved, resist- 
ance had evolved or showed evidence of emer- 
gence. Some of the cases of resistance occurred 
in low- or middle-income nations where refuges 
were not planted or where the crop varieties 
were not engineered for the relative suscepti- 
bility of the local pests and therefore did not 
maintain a high enough toxin dose. 

The focus in the resistance management lit- 
erature is on resistance to chemical control, 
but widespread use of other control tactics— 
including biological control, crop rotation, and 
hand weeding—also faces the challenges of re- 
sistance evolution (23). For example, the north- 
ern and western corn rootworms, which are 
mostly restricted to feeding on maize (corn) 


Increase in glyphosate-resistant 
weeds worldwide 


roots as larvae, have evolved resistance to the 
rotation of maize and soybean. One species 
has evolved to mostly overwinter as an egg 
for 2 years instead of 1, so when there is a 
typical 2-year rotation of maize and soybean, 
the larvae emerge from the hatching eggs in 
time for the next maize planting. The other 


“..Wwe must treat it [resistance] 
as a ‘wicked problem,’ in the 
sense that there are social, 
economic, and biological 
uncertainties and complexities 
interacting in ways that 
decrease incentives for actions 
aimed at mitigation.” 


species evolved to lay some of its eggs in the 
soil beneath soybean plants, “anticipating” maize 
in the next season. Most amazingly, some weeds 
have evolved to look like rice plants and thus 
avoid hand hoeing, and others have evolved 
seeds that mimic those of the crop they infest 
and are replanted along with crop seeds (23). 
Whenever humans act in any way to de- 
crease the fitness of an insect or weed, natural 
selection is likely to result in a response. Insect 
growth regulators that mimic hormones were 
at one time considered resistance-proof insec- 
ticides, but in the end this tactic did not deter 
evolution of resistance (23). Ultimately, even with 
all of the biological uncertainties involved in 


resistance management, it remains the only cur- 
rent option for limiting the economic and social 
impact of pest evolution. 


Economic perspectives 


Pesticide resistance has both economic causes 
and economic consequences. Agricultural ben- 
efits lost from resistance in the United States 
have been estimated at about US$10 billion per 
year (5). Globally, reliance on pesticides has been 
increasing (24), exacerbating the impact of re- 
sistance. Pesticides also bear costs for the envi- 
ronment and public health (24). Some pesticides, 
such as Bt toxins (used either in engineered crops 
or in organic agriculture), have replaced broader- 
spectrum pesticides that were more toxic to 
nontarget organisms (24). Hence, a loss in the 
effectiveness of Bt toxins owing to resistance 
has environmental consequences if we revert 
to a less target-specific replacement. This ra- 
tionale has been used in the formulation of gov- 
ernment regulations for managing resistance 
to Bt crops (17). 

Insecticide resistance in public health is 
also imposing substantial damages, although 
fewer studies are available that quantify the 
economic costs. Model-based analysis has shown 
that if disease vector resistance to pyrethroids 
becomes widespread, cases of malaria averted 
with ITNs could decline by 40% (25). Coupled 
with the estimate that bednets averted more 
than 65 million clinical malaria cases in sub- 
Saharan Africa in 2015 (7), and assuming that 
this figure provides a lower bound for potential 
cases averted in subsequent years, this would 
imply around 26 million additional clinical cases 
of malaria per year as a result of widespread 
vector resistance. Assuming an approximate 
lower bound cost of illness of at least $10 per 
malaria episode (26), insecticide resistance could 
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Fig. 1. Weed species with resistance to herbicides. (Left) Cumulative number of weed species with resistance to glyphosate. (Right) Cumulative 
number of weed species with resistance to herbicides in the major mechanism of action groupings. 
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conservatively cost sub-Saharan Africa at least 
$260 million per year. 

Although these numbers make clear that 
the potential costs are large enough to warrant 
stronger policies for managing pesticide re- 
sistance, they do not tell us exactly what return 
society might expect from different investments 
in resistance management. The most basic insight 
from economics is that efficient pesticide use 
should weigh current net benefits of use against 
the costs of lost future effectiveness (27). To 
assess these future costs, economic discounting 
and the uncertainty of developing replacement 
pest control technologies must be factored in. 
As yet, the user costs of resistance are not com- 
puted in any systematic way, although recent 
methods for computing prices for natural cap- 
ital and ecosystem services could be applied (28). 

Laxminarayan and Simpson (29) have ana- 
lyzed the optimal refuge sizes for managing pest 
resistance to Bt crops. They found that fitness 
costs of resistance are critical for determining 
whether refuges are economically efficient in 
the long run. Fitness costs determine whether 
susceptibility can be renewed after accumulat- 
ing high levels of resistance in the pest popula- 
tion. If this renewal rate is less than an expected 
rate of return on financial assets, then it is op- 
timal in the long run to deplete pesticide sus- 
ceptibility. Likewise, the importance of fitness 
costs has been shown for economic management 
of resistance to pyrethroid insecticides in malaria 
control (30) and agriculture (37). 

Fitness costs, dominance, and initial frequen- 
cies of resistance genes remain highly uncertain 
in field settings for many pesticides. However, 
reducing uncertainty is costly, and better infor- 
mation may be more actionable for some of these 
factors than others, as has been shown for ma- 
laria vectors (32). For example, more certainty 
about the efficacy of noninsecticidal alternatives 
may be more valuable than better information 
about the fitness costs of resistance. 

Ultimately, the costs of pesticide resistance 
to users depend on available control alterna- 
tives. However, no herbicides with new modes 
of action have been commercialized in more 
than 30 years, and the estimated cost of dis- 
covery of new insecticides has increased by a 
factor of eight in the past 50 years (33). Other 
tools with demonstrated effectiveness at man- 
aging resistance within an IPM framework range 
from biocontrol (34) to the sterile insect tech- 
nique (35), but the implementation of these 
approaches is costly and complicated. 

Pesticide susceptibility shares properties of 
a common pool resource (36). One party’s use 
of a pesticide draws down the stock of sus- 
ceptibility to that pesticide available not only 
to that party but also to other users. Further- 
more, one user cannot limit use of the stock 
by others. The result is that users overexploit the 
resource relative to what would be econom- 
ically efficient. One solution is to tax pesticide 
use to reflect the marginal user costs of resist- 
ance and the negative environmental impacts 
of pesticides. Four European countries have im- 
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Fig. 2. Arthropods with resistance to 
insecticides. Data from 1910 to 2010 
showing total number of species (dark blue 
dotted and dashed line), total number of 
cases of resistance to any insecticidal 
compound reported from a new location 
(green dashed line), and total number 

of compounds with resistance found in at 
least one arthropod species (light blue 
dashed line) (56). 


plemented pesticide taxes based on these mo- 
tivations, although practical challenges impede 
their broader adoption (37). 

One rationale supporting the laissez-faire 
management of weed resistance to glyphosate 
was the erroneous assumption that weeds were 
relatively immobile (3). This contrasts with ex- 
tensive regulation of Bt crops to manage in- 
sect resistance, where the mobility of target 


pests of Bt crops was explicitly used as one 
rationale in refuge policies (17). 

Because the use of Bt crops and other con- 
trol tactics can result in suppression of the 
target pest over wide areas, incentives for 
overexploitation of susceptibility can be coun- 
terbalanced by the public good of areawide pest 
suppression. For example, areawide suppres- 
sion of the European corn borer in the U.S. 
Midwest from use of Bt maize reduced pest dam- 
ages by $2.4 billion among growers of non-Bt 
maize (38). Subsequent modeling shows that 
this areawide protection incentivizes planting 
of non-Bt varieties (39), which is predicted to 
slow resistance evolution further. 


Sociopolitical perspectives 


Efforts to decrease the uncertainties of pest 
resistance are critical to effective management, 
but an understanding of how these aspects in- 
tersect with social and political factors is also 
needed. Currently, the emphasis is on educa- 
tional and incentive programs. However, these 
have not substantially improved resistance man- 
agement and, as Ervin and Jussaume explain, 
“often fail to take into account the fact that 
farm-level decision-making takes place within 
complex social-cultural settings” (40). Socio- 
political research in this area applies at the 
level of the individual (micro level), the com- 
munity (meso level), and the federal government 
or nation-state (macro level). Sociopolitical ap- 
proaches have rarely been applied to resistance 
management, so concepts and examples must 
be drawn from other settings. 


Individual level 


The individual level of decision-making about 
pesticide use and resistance management most- 
ly resides with farmers. In public health, house- 
holds are often the key micro-level decision- 
makers, as in the case of whether or how to use 
a bednet. Most research on individuals’ per- 
ceptions and decisions about pesticide use is 
framed around economic models of demand 
for pest control and risk reduction (41, 42) and 
does not specifically address resistance. Re- 
sistance management could benefit from risk 
perception studies that have been used to an- 
alyze other technologies. Such studies would 
shed light on how factors associated with (i) 
technological options (e.g., controllability and 
familiarity), (ii) individuals themselves (e.g., 
culture, demographics, and worldviews), or (iii) 
risk managers and communicators (e.g., level 
of trust and perceived fairness) influence peo- 
ple’s perception of risk and motivate them to 
take action for reducing resistance. 


Community level 


At the community level, social systems can sup- 
port or interfere with resistance management 
programs and compliance. Social capital has 
been correlated with positive effects on IPM 
and sustainability, especially in developing na- 
tions (43). Research on network ties and social 
capital among U.S. farmers, and their relationship 
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to the successful implementation of resistance 
management programs, could shed light on 
how to enhance collective action. 

Because pest susceptibility can often be con- 
sidered a common pool resource, Ostrom’s work 
on the governance of such resources suggests 
that resistance may sometimes be better man- 
aged by on-the-ground, networked communities 
generating their own rules and norms for pes- 
ticide use (44) than by more formal, top-down 
governance. Regional programs, such as weed 
management areas, in which local farmers vote 
to implement different resistance management 
strategies (40), fit this model. In another ex- 
ample, pink bollworm resistance to Bt cotton in 
the southwest United States has been effectively 
delayed through voluntary cooperative initia- 
tives and cost-sharing between regional grower 
associations and the U.S. Department of Agricul- 
ture (35). In terms of management tools, policy 
process frameworks, such as institutional anal- 
ysis and development, can inform the design, 
implementation, and evaluation of common pool 
resource governance systems (44, 45). Behavioral 
tools, such as social marketing, to engender 
norms for resistance management have also 
shown recent promise (46), but further research 
is needed. 


Macro level 


Systems theory and thinking at the macro 
level can help to uncover the underlying fac- 
tors contributing to policy problems, such as 
resistance management, by taking complex- 
ity and multiple types of competing and in- 
tersecting forces into account (47). In complex 
situations, quite often the most intuitive pol- 
icies have immediate benefits but over time 
exhibit counterintuitive behavior (i.e., policy 
resistance) and fail owing to unanticipated 
feedback (48). For example, the price of maize 
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Fig. 3. Response to selection for resistance to toxins. (Left) The solid 
dark blue lines show the generally expected relationship between the 
dose of toxin and the mortality of pests that are homozygous for 
susceptibility alleles (SS), heterozygous (RS), and homozygous for 
resistance (RR). The vertical, dashed red lines (numbered 1, 2, and 3) 
show the expected mortality of the three genotypes at different 

toxin doses. At dose 1, the RS and RR individuals similarly have no 
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rose in the first decade of the 21st century in 
large part due to ethanol mandates in mid- 
western states, as well as subsidies and higher 
oil prices. This led to a near-term economic ad- 
vantage for farmers who stopped rotating maize 
with soybeans and instead planted maize con- 
tinuously (49). The continuous planting of Bt 
maize could have led to higher pest resistance 
to Bt in those areas, an issue that requires fur- 
ther investigation. 

Political economy studies at the macro lev- 
el can also uncover underlying tensions and 
barriers to effective solutions. For example, 
chemical companies will desire to sell more 


“Lacking data from bold 
experiments, we will likely 
just learn that heavy use of 
2,4-D and Dicamba results in 
weed resistance and that we 
have an even more critical 
need for herbicides with new 
modes of action.” 


pesticides and increase short-term company 
profits. Sales tactics will compete with gov- 
ernment regulators’ desires to contain pesticide 
use to mitigate health and environmental risk. 
However, recognizing the need to protect the 
efficacy of their products over the long term, 
some biotechnology companies selling Bt crop 
seed have partnered with federal agencies and 
farmers to implement resistance management 


So) 


Additive 


Frequency of resistance allele 


and recessive. 


programs. For instance, the selling of seed bags 
with a mixture of Bt and non-Bt seeds allows 
companies to maintain their level of product 
sales while complying with regulatory guide- 
lines. It also improves compliance by farmers, 
although it decreases a farmer’s ability to con- 
trol the situation and might therefore increase 
their perception of risk and decrease trust at 
the micro level. 

National research policy affects how much 
knowledge and data we have on all of the fac- 
tors relating to pest resistance and manage- 
ment. Gaps in biological and economic research 
are affected by the national priorities of each 
political administration but have traditionally 
been underresourced, despite their importance 
to the growing challenge of resistance manage- 
ment (50). 


A way forward? 


We have seen how pesticide resistance is a 
“wicked problem” arising from interacting un- 
certainties and competing interests that decrease 
incentives for action. A pessimistic conclusion 
would be that the status quo of little action will 
hold until a major crisis arises. A more proac- 
tive stance is challenging but likely to be less 
costly in the long run, so we conclude by sug- 
gesting two optimistic ways forward. 

First, in the case of engineered insecticidal 
crops, a natural experiment has already been 
performed, and we know with some certainty 
what action needs to be taken to develop high- 
dose/refuge approaches that when tailored to 
specific systems will slow resistance evolution. 
Still, we must overcome competing interests 
that hinder our ability to build the political will 
on the part of governments to work with com- 
panies and farmers to ensure appropriate de- 
velopment and use. As observed by Foley (51), 
“GMOs [genetically modified organisms] have 
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mortality, whereas the SS individuals have 50% mortality, so the 
resistance trait is dominant. At dose 2, the RS mortality is intermediate 
between SS and RR, so resistance is additive. At dose 3, there is 
100% mortality of SS and RS and only 30% mortality of RR, so 
resistance is recessive. (Right) Trajectories of increase over time in 
resistance allele frequency when resistance is dominant, additive, 
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frequently failed to live up to their potential, 
not because they are inherently flawed, but 
because they have been deployed poorly into 
the complex social and environmental con- 
texts of the real world.” Governments should 
insist on feasible plans for strict enforcement 
of appropriate use as a condition for commer- 
cialization. Knowledge from the social and 
natural sciences will be needed to guide such 
governance. 

The second and more complex challenge to 
tackle is for conventional pesticides where 
there is still a high degree of uncertainty about 
what the best approaches are to stymie re- 
sistance. Although we have data from small- 
scale experiments, these are not sufficient for 
understanding resistance dynamics at a land- 
scape level. For crop insects and weeds, large- 
scale, experimental agriculture, coupled with 
technical innovation, must go hand in hand. 
New breakthroughs in genomics and bioin- 
formatics are providing tools that enable de- 
tection of genomic responses of insects and 
weeds to selection with pesticides [e.g., (52)]. 
These tools will put us in a good position to 
conduct landscape-level experiments on the 
order of thousands of hectares to decrease un- 
certainty about the effectiveness of various re- 
sistance management practices. It should be 
possible to detect early genomic and biolog- 
ical signs of resistance and to change manage- 
ment practices before resistance becomes an 
economic problem. Although these measures 
will be expensive, complex experiments even 
with the most localized pests, similar, large- 
scale endeavors have been tried for eradica- 
tion of specific insects and weeds, so some of 
the groundwork has been laid. In addition, 
such studies will require input from the social 
sciences to gain appropriate community in- 
volvement. Although large-scale experimenta- 
tion is a substantial investment, in the United 
States the cost to the federal government (i.e., 
to taxpayers) for crop insurance to cover crop 
failures in 2011 was estimated at more than 
$11 billion, with 265 million acres enrolled (53). 
Policies are being pursued to encourage other 
agricultural practices, such as cover crops for 
soil conservation, by tying cover-crop planting 
to discounts on crop insurance premiums (54). 
Similar approaches could be used for pesticide 
resistance management. The United States is not 
the only country with crop subsidies. Certainly, 
there is a way to use these public investments for 
the public good of avoiding the long-term costs 
of resistance. 

The United States is about to begin a huge 
experiment with the commercialization of en- 
gineered crops resistant to the action of 2,4-D 
and Dicamba. These two herbicides will likely 
be used alone and in combination with glyph- 
osate, despite a lack of knowledge about what 
usage pattern would be best for decreasing the 
emergence of resistance in weed populations 
while maintaining economic viability. This ig- 
norance is reflected in the literature from the 
EPA and companies that simply tells farmers 
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that diversified approaches to weed manage- 
ment are best for delaying resistance, but with 
no supporting evidence or incentives (55). 

Governments and universities could adopt 
incentive systems to create landscape-level ex- 
periments to test different spray combinations, 
rotations, or combined cultural and chemical 
controls on large acreages. Genomic responses 
of weeds would be monitored carefully enough 
to eliminate any failed strategy before trouble- 
some resistance evolved. Setting up such ex- 
periments would require large investments and 
highly skilled management of people and tech- 
nologies. This may seem radical, but govern- 
ments do make similar investments to decrease 
erosion, maintain conservation reserve programs, 
and subsidize crop-loss insurance. Lacking data 
from bold experiments, we will likely just learn 
that heavy use of 2,4-D and Dicamba results 
in weed resistance and that we have an even 
more critical need for herbicides with new modes 
of action. 
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Genomic insights into the emergence 
and spread of antimicrobial-resistant 
bacterial pathogens 


Stephen Baker,””** Nicholas Thomson,*”” Francois-Xavier Weill,® Kathryn E. Holt”” 


Whole-genome sequencing (WGS) has been vital for revealing the rapid temporal and spatial 
evolution of antimicrobial resistance (AMR) in bacterial pathogens. Some antimicrobial- 
resistant pathogens have outpaced us, with untreatable infections appearing in hospitals and 
the community. However, WGS has additionally provided us with enough knowledge to initiate 
countermeasures. Although we cannot stop bacterial adaptation, the predictability of many 
evolutionary processes in AMR bacteria offers us an opportunity to channel them using new 
control strategies. Furthermore, by using WGS for coordinating surveillance and to create a more 
fundamental understanding of the outcome of antimicrobial treatment and AMR mechanisms, 
we can use current and future antimicrobials more effectively and aim to extend their longevity. 


hen antimicrobial drugs were intro- 

duced into clinical usage in the mid- 

20th century, they had an astonishing 

impact on human health. Infectious 

bacteria that had threatened our sur- 
vival were now at the mercy of a chemical 
arsenal. Previously fatal infections, from whoop- 
ing cough and scarlet fever to tuberculosis and 
syphilis, were no longer considered a threat. 
Antimicrobials substantially reduced the risks 
associated with child birth, injuries, and inva- 
sive medical procedures. What has followed in 
the subsequent 70 years or so has been an un- 
controlled microbiological experiment conducted 
on an unprecedented scale. Initially we identi- 
fied a plethora of new antimicrobial classes tar- 
geting different essential bacterial functions, but 
we deployed them haphazardly in ever-increasing 
quantities. Now antimicrobial resistance (AMR) 
poses a genuine threat to human health, with the 
potential to return us to a situation where com- 
mon infections are as untreatable as they were in 
the pre-antimicrobial era (7). 

Humans did not create AMR; we simply pro- 
moted it by applying evolutionary pressure. 
Almost all antimicrobials have chemical sim- 
ilarities with compounds that can be found 
naturally; AMR genes have been found deep 
in the permafrost (2) and arose long before 
humankind’s ability to synthesize antibac- 
terial chemicals and use them en masse. There- 
fore, AMR in bacterial populations is a largely 
predictable phenomenon; the more common- 
ly a specific antimicrobial compound is used, 
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the more likely it is that resistance will emerge 
and be maintained in an exposed microbial 
population. The specific dynamics of the pro- 
cesses associated with AMR are, however, less 
predictable. The rapidity with which diverse 
AMR phenotypes have emerged and become 
established within human, animal, and wider 
environmental populations of microbes has been 
astonishing and most likely accelerated by con- 
current advances in human development, mo- 
bilization, and population growth. 


“The first reports of 
penicillin-resistant infections 
occurred early in the 1940s, 
but a penicillinase was 
described even before the 
continued clinical usage of 
the prototype antibiotic.” 


The evolutionary dynamics of 
antimicrobial resistance 


How resistance is maintained and distributed 
within bacterial populations is a function of 
the organism’s lifestyle (i.e., transmission mode, 
colonization, and pathogenicity) and the ge- 
netic basis for resistance, which can be either 
intrinsic (i.e., the organism naturally lacks the 
specific pathway targeted by the drug), muta- 
tion associated (i.e., induced changes are passed 
vertically to descendants), or acquired via hor- 
izontal gene transfer (HGT) between orga- 
nisms (with acquired genes then being passed 
vertically to progeny). The first reports of 
penicillin-resistant infections occurred early 
in the 1940s, but a penicillinase was described 
even before the continued clinical usage of 
the prototype antibiotic (3). Since then, there 


have been numerous examples of the rapid 
emergence of bacteria exhibiting resistance 
to a specific antimicrobial class soon after its 
introduction (4). However, in the past decade, 
through the advent of high-throughput whole- 
genome sequencing (WGS), we have been able 
to make substantive advances in understanding 
the dynamics of AMR evolution and spread in 
bacterial populations. 

WGS has become the key technology for un- 
derstanding pathogen evolution, population 
dynamics, and genomic epidemiology, as it 
provides a far greater degree of reproducibil- 
ity, standardization, and resolution than pre- 
vious genotyping methods (5). By capturing 
both the neutral evolution of the population— 
for tracking transmission and diversification 
of the organism—and the genetic determinants 
of AMR, WGS can reveal detailed temporal 
and spatial dynamics of AMR evolution and 
simultaneously infer the impact of AMR se- 
lection on pathogen populations. Much of the 
pioneering WGS-based AMR work was focused 
on the opportunistic Gram-positive human path- 
ogen Staphylococcus aureus, particularly with 
respect to the emergence of methicillin re- 
sistance (MRSA) in health care facilities in 
Europe (6). MRSA is still among the best exam- 
ples of how AMR variants can rapidly emerge, 
be efficiently maintained, and spread at dif- 
ferent spatiotemporal scales, ranging from 
individual hospital wards to health care net- 
works, and internationally within human pop- 
ulations (Fig. 1). MRSA was first observed in 
1960, within a year of the introduction of second- 
generation B-lactams, such as methicillin, into 
clinical practice. However, phylogenetic recon- 
struction showed that MRSA actually emerged 
in the 1940s via HGT of the staphylococcal cas- 
sette chromosome mec (SCCmec) element, as a 
consequence of the initial mass usage of pen- 
icillin (7). WGS data shows that MRSA has 
arisen on numerous occasions independently in 
different subpopulations on different conti- 
nents (e.g., USA300, ST22 in Europe, and ST93 
in Australia) through parallel HGT events and 
spread throughout health care systems (6). The 
history of health care-associated MRSA in the 
later part of the 20th century was punctuated 
by frequent epidemics associated with highly 
successful clones, such as EMRSA-15 (ST22), 
which was first described in the United Kingdom 
in the 1990s and then spread throughout Europe, 
and then intercontinentally (Fig. 1) (8). Notably, 
a fluoroquinolone-resistant EMRSA-15 variant 
arose in the United Kingdom soon after clinical 
trials with ciprofloxacin in the 1980s, with point 
mutations in the DNA gyrase and topoisomer- 
ase IV genes. This critical event was the ap- 
parent trigger for the subsequent pandemic 
spread of a fluoroquinolone-resistant MRSA 
variant (Fig. 1) (8). 


The global dissemination of 
antimicrobial-resistant clones 


MRSA epitomizes a now all-too-familiar evolu- 
tionary route by which successful AMR clones 
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Fig. 1. The time line of the ST22 MRSA pandemic. Bayesian 
phylogenetic tree reconstructing the ST22 MRSA pandemic over 

a 30-year period (8). Maximum clade credibility tree of ST22 MRSA 
based on BEAST analysis using a variable clock rate (uncorrelated 


the time scale is shown at the base of the tree. Gains and losses 
A) of genetic determinants for resistance to methicillin (SCCmec), 
fluoroquinolones (point mutations in grlA and gyrA), erythromycin 
plasmid-encoded ermC), and clindamycin (mutations in ermC 
eader peptide region, c-ermC) have been mapped on the tree by 
applying the parsimony criterion. The figure depicts two pivotal 
events: the acquisition of methicillin resistance around 1977 and 
fluoroquinolone resistance in 1982 (red arrows). This clone 

then underwent rapid international spread, including country- 
specific clonal expansions; countries highlighted in color. 
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SPECIAL SECTION 


THE RISE OF RESISTANCE 


emerge in response to local antimicrobial usage, 
undergo population expansion under selection 
from sustained antimicrobial exposure, and 
then explode into pandemic spread. The finer 
details are organism specific and dependent 
on their particular evolutionary landscape (e.g., 
mechanisms of resistance, fitness costs, modes 
of transmission, and host range), but all follow 
a similar basic trajectory, mirroring that ob- 
served in the recent MEGA-plate experiment 
(9). Briefly, exposure of susceptible bacteria to 
antimicrobial drugs will result in the local emer- 
gence of resistant mutants. This happens contin- 
uously, as a genetically diverse pool of pathogens 
are exposed to a range of different compounds 
at different concentrations. Most resistant mu- 
tants will be purged quickly from the popula- 
tion, either through genetic drift or because 
they are less fit for onward transmission. For 
example, WGS data have shown that that a few 
common resistance mutations emerge repeated- 
ly in Mycobacterium tuberculosis during the 
treatment of individuals but that these are rare- 
ly transmitted (10). However, occasionally a re- 
sistant mutant will have a sufficient fitness 
advantage to undergo local clonal expansion in a 
subset of infections. This occurs through a com- 
bination of ongoing antimicrobial exposures 
and/or a genetic background that moderates 
the fitness cost, e.g., the compensatory muta- 
tions in rifampicin-resistant M. tuberculosis 
(11); the increased replication rate of Salmonella 
Typhi with fluoroquinolone resistance-associated 
DNA gyrase mutations (12); or chromosomal 
variants that ameliorate the cost of AMR plas- 
mid carriage (73). Once established, the locally 
successful AMR clone may face opportunities for 
further expansion, including potentially broader 
geographical dissemination and/or spillover into 
other host populations, depending on the mode 
of transmission and the extent of antimicrobial 
selection it encounters. 

WGS investigations show that clonal ex- 
pansion and ensuing geographical dissemina- 
tion of pathogens can mostly be traced to the 
acquisition of a specific AMR determinant(s) 
like SCCmec in MRSA. This suggests the AMR 
element(s) function as the “king maker” with- 
in the various pathogen populations, determin- 
ing which clones dominate locally, regionally, 
and globally. Some mobile AMR genes have 
played this role in multiple organisms and 
clones; e.g., CTX-M-15 has driven the success of 
Escherichia coli ST131 and several Klebsiella 
pneumoniae clones (CG14/15, ST101) (14, 15). 
Equally, AMR genes also benefit by association 
with certain plasmid vectors or host bacte- 
rial clones, which act as vehicles for dissemi- 
nation. K. pneumoniae is host to several key 
mobile AMR genes and has played a pivotal 
role in the global dissemination of various ex- 
tended spectrum f-lactamases (ESBLs) and 
the carbapenemases KPC and NDM-I (J5). This 
association may be linked to K. pnewmoniae’s 
broad ecological range and propensity for HGT, 
which provide a conduit for AMR gene traf- 
ficking from a very large gene pool into the 
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smaller subpopulations of human-associated 
bacteria. 

Another common reoccurring observation 
is the accumulation of additional resistance 
mechanisms in an already established AMR 
clone, such as fluoroquinolone resistance in 
EMRSA-15 (8). This phenomenon is likely driv- 
en by escalating antimicrobial use to tackle 
AMR infections, accompanied by a relaxation 
of selective constraints and an increased ef- 
fective population size of the successful clone. 
It is particularly common in organisms that 
can accumulate multiple AMR genes through 
HGT, particularly within the Enterobacteriaceae 
(14, 15), but is also evident in the highly clonal 
and evolutionarily constrained M. tuberculosis, 
in which resistance to isoniazid via a mutation 
in katG commonly precedes further AMR mu- 
tations (10). 


Health care—associated “superbugs” 


AMR organisms are highly destructive in hos- 
pitals. Modern medicine relies on antimicrobial 
therapy and prophylaxis to protect against op- 
portunistic infections, which affect approxi- 
mately 1 in 10 hospitalized patients globally. In 
industrialized countries, health care-associated 
infections account for the vast majority of the 
communicable disease burden (J6), but hos- 
pitals on all continents are now plagued by 
AMR infections. The combination of intensive 
antimicrobial exposure in hosts whose immune 
systems are struggling to defend against in- 
fecting bacteria can rapidly select for resist- 
ance. Several WGS studies have documented 
local emergence of resistance in hospitalized 
patients in response to specific antimicrobial 
exposures, which have been studied in individ- 
ual infections, treatment episodes (17), and 
at the ward level (18). These studies show that 
many of the same mutational events arise re- 
peatedly in different patients and in different 
host backgrounds, demonstrating that the 
emergence of AMR in many organisms within 
health care facilities is often predictable. Exam- 
ples include the repeated acquisition of SCCmec 
(methicillin resistance), walKR mutations (van- 
comycin resistance) in S. aureus (18), and lpx 
disruptions (colistin resistance) in Acinetobacter 
baumannii (17). 

Although AMR organisms arise continuously, 
national- and international-level WGS snap- 
shots show that most AMR infections are at- 
tributable to a few clones within the broad 
population of the specific pathogen. Thus, only 
a small fraction of emergent AMR variants is 
sufficiently fit for broader dissemination. WGS 
investigations of Gram-negative opportunistic 
pathogens mimic the pattern of MRSA, with 
clonal spread that begins as localized expan- 
sions, rapidly progressing to intercontinental 
spread (within years) and even global dissem- 
ination (within decades). Particularly concern- 
ing is K. pneumoniae clone ST258, which carries 
the plasmid-borne K. pneumoniae carbapene- 
mase gene KPC that confers resistance to all 
B-lactams, including carbapenems and cepha- 


losporins (15). KPC ST258 arose in the United 
States, where it began causing hospital out- 
breaks around 2005. After first spreading to 
Israel, by 2009, KPC ST258 was endemic in 
Greece and Italy and has since spread across 
Europe and South America and into Asia and 
Australia (Fig. 2). The arrival of the clone in 
new locations is linked to patients with a his- 
tory of recent international travel to KPC 
ST258-endemic areas. Other carbapenemase- 
producing K. pneumoniae clones have also 
emerged (e.g., OXA-48 ST405 in Spain and 
KPC ST11 in China), but these have remained 
relatively localized. Why a combination of the 
KPC gene in the ST258 K. pnewmoniae host 
background has been so successful remains an 
important unanswered question. 

Other relevant Gram-negative health care- 
associated AMR clones include the ESBL-producing 
E. coli ST131, whose global dissemination has 
been so rapid that its initial geographical ori- 
gins were obscured (14). A. baumannii Global 
Clone 1 (GCI) is probably the oldest multidrug- 
resistant (MDR) hospital clone of A. baumannii 
and emerged in the 1980s after acquisition of a 
genomic island conferring resistance to all first- 
line antimicrobials. GC1 latterly accumulated 
resistance against fluoroquinolones and carba- 
penems (79). The prevention and management 
of infections with these highly resistant clones 
is a major health care challenge, and alterna- 
tive strategies, such as vaccines and targeted 
immunotherapies, are urgently needed. However, 
K. pneumoniae KPC ST258, E. coli ST131, and 
A. baumannii GC1 all display extensive surface 
antigen diversification, complicating such ap- 
proaches (15, 19). 


Antimicrobial resistance in 
community-acquired infections 


AMR is not only a substantial problem in health 
care systems but is also prevalent among a wide 
range of pathogens associated with community- 
acquired infections. WGS studies show that 
AMR in the community setting, as in hospi- 
tals, is similarly dominated by a small num- 
ber of globally disseminated clones that have 
accumulated AMR determinants over time. 
The waterborne enteric diseases typhoid fever 
and dysentery provide two salient examples. 
The vast majority of MDR typhoid fever cases 
globally are caused by the Salmonella Typhi 
H58 clone, which emerged in South Asia in the 
early 1990s in association with an MDR plas- 
mid and has since spread throughout Asia and 
into East Africa, accumulating fluoroquinolone 
resistance mutations in the genes encoding 
DNA gyrase and topoisomerase IV (Fig. 2) (20). 
Most pediatric cases of MDR shigellosis are 
caused by a Shigella sonnei clone that carries a 
mobile genetic element conferring resistance 
to almost all first-line drugs on its chromosome. 
The clone emerged in the 1970s and is now glob- 
ally disseminated (Fig. 2) (27), with the same 
fluoroquinolone resistance mutations as in 
S. Typhi arising subsequently and spreading 
out from South Asia (22). 
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Sexually transmitted infections (STIs) pre- 
sent particular complications for understand- 
ing AMR in community-acquired disease, as 
their transmission is driven by complex hu- 
man behavior. AMR in STIs share the same 
general evolutionary characteristics as AMR 
in health care-acquired infections, but have 
distinct transmission, diagnosis, and treat- 
ment parameters that result in distinct spatio- 
temporal dynamics. AMR in STIs are a major 
concern; data from locations with good STI 
surveillance systems suggest a general upward 
trend in bacterial STI incidence dispropor- 
tionately associated with specific communi- 
ties (23). In 2014, men-who-have-sex-with-men 
(MSM) represented <2% of the London adult 
population; however, 28% of all new STIs were 
diagnosed in this community. More specifically, 
69% of all new cases of gonorrhea diagnosed 
in London were in MSM, and the emergence of 
some AMR variants of Neisseria gonorrhoeae 
have been specifically linked to MSM commu- 
nities (23). AMR in N. gonorrhoeae is such a 
potential problem that it has been acknowl- 
edged by the World Health Organization (WHO) 
as being a major threat to human health (24). 
MDR variants leave increasingly limited treat- 
ment options, and there is a very real prospect 
of widespread resistance to ceftriaxone, the 
last remaining option for empirical monother- 
apy. Indeed, there have already been isolated 
reports of N. gonorrhoeae that exhibit resist- 
ance to all current treatments (24). One of the 
first epidemiological studies exploiting WGS 
for N. gonorrhoeae aimed to understand how 
particular AMR phenotypes had emerged. This 
study showed that reduced susceptibility against 


third-generation cephalosporins in the United 
States between 2000 and 2014 was the conse- 
quence of the expansion of two particular clones 
arising within the MSM community that pos- 
sessed the mosaic penA resistance allele (25). 
For other STIs, the situation is less clear. 
Despite reports of mutations in Chlamydia 


“Sexually transmitted infections 
present partiadar complications 
for understanding AMR in 

community-acquired disease, 
as their transmission is driven 
by complex human behavior.” 


trachomatis conferring in vitro resistance 
against macrolides (the first-line treatment 
for chlamydia), there is no evidence for the 
stable maintenance of these mutations during 
human infection (26). Similarly, intramuscular 
injection with benzathine penicillin appears 
to remain generally effective for treating syph- 
ilis (Treponema pallidum). However, we are 
missing key epidemiological information on 
many STIs. In well-resourced clinical settings, 
there is a move away from microbiological 
culture as the “gold standard” for the diagno- 
sis of bacterial STIs and increasing reliance on 
molecular testing (24). Although molecular 
tests have the advantage of being rapid and 
sensitive, they have the disadvantage of being 
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Fig. 2. Origin and blast radius for the clonal expansion for three 
multidrug-resistant Gram-negative bacteria clones. The map 
summarizes data for the global dissemination of: dysentery causing 
Shigella sonnei clone lineage II|-global, with a chromosomal insertion 

of a mobile genetic element encoding resistance to streptomycin, 
trimethoprim-sulfamethoxazole, and tetracycline (red); the typhoid fever 
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destructive and do not screen for potential 
AMR phenotypes (24). This situation is exa- 
cerbated in resource-limited settings where 
any form of diagnostic testing is rare, which 
results in a substantial underreporting of STIs 
and almost no AMR or pathogen prevalence 
data (24). 

Another issue complicating AMR detec- 
tion in STIs is the challenge of individual case 
management. A lack of diagnostic testing im- 
poses a reliance on empirical syndromic ther- 
apy, which can have undesired consequences 
for driving the emergence of new AMR-STIs 
because of undirected antibiotic treatment. 
Shigella spp. are fecal-oral pathogens with a 
notoriously low infectious dose and are adept 
at acquiring new functions via HGT. Shigella 
has emerged as an enteric STI with a capacity 
for global dissemination of AMR genotypes. 
Shigella outbreaks in MSM communities have 
been sporadically observed since the 1970s (27). 
An increase in MSM-associated dysentery has 
been reported recently in the United Kingdom 
with a Shigella flexneri resistant to azithro- 
mycin in individuals with no history of travel 
to countries with highly endemic Shigella (28). 
Azithromycin is not routinely used to treat 
dysentery in the United Kingdom, but is the 
front-line treatment for gonococcal urethritis, 
syphilis, and chlamydia. The emergence of this 
S. fleeneri variant was linked to the acquisi- 
tion of a conjugative plasmid carrying various 
macrolide resistance genes, which was likely 
driven by azithromycin treatment for other 
STIs. Transmission of organisms via oro-anal 
sex, coupled with HIV-associated immunode- 
ficiency, multiple sexual partners, and greater 
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pathogen Salmonella Typhi, clone H58, with a plasmid encoding resistance 
to chloramphenicol, ampicillin, trimethoprim-sulfamethoxazole, 
streptomycin, and tetracycline (blue); health care—associated Klebsiella 
pneumoniae clone ST258, carrying the KPC carbapenemase encoding 
resistance to all B-lactam antimicrobials, including carbapenems and 
third-generation cephalosporins (gray). 
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Fig. 3. The epidemic of monophasic Salmonella Typhimurium (1,4,[5],12:i:-). The graph shows 
the number of Salmonella isolates from human infections at the French National Reference Centre 
for Salmonella during 2000 to 2016. The blue bars depict the total number of Salmonella spp. 
isolated by year over the defined period; the red plot depicts the number of Salmonella Typhimurium 


(1,4,[5],12:i:-) isolated by year. 


exposure to STIs alongside therapeutic anti- 
microbials, created the “perfect storm” for the 
emergence of this specific MSM-associated AMR 
lineage. 


Foodborne dissemination of 
antimicrobial resistance 


Humans are exposed to animal sources of AMR 
genes and bacteria through the food chain. The 
need for a “one-health” (i.e., considering the 
span of humans, animals, and their environ- 
ment) strategy for AMR and infectious disease 
for surveillance and containment across the 
different sectors is well recognized. Nontyphoi- 
dal Salmonella (NTS), which is among the most 
common pathogens of humans and animals, 
are key for understanding AMR dynamics from 
a one-health perspective. In 2004, the Infec- 
tious Disease Society of America (IDSA) issued 
a report that presented a plausible catastrophic 
scenario of a highly fatal epidemic of MDR-NTS, 
illustrating how virulent AMR strains could 
rapidly escalate into major foodborne outbreaks 
threatening our food security. Indeed, large 
foodborne NTS outbreaks have been observed 
in recent decades, and NTS exhibiting resist- 
ance to last-line antimicrobials are beginning 
to be isolated. 

The continued occurrence of MDR Salmonella 
Typhimurium (one of the most common types 
of NTS) as a cause of human infection per- 
sonifies the one-health aspect of AMR and also 
highlights repeating patterns of AMR evolu- 
tion. Antimicrobials have been used to treat 
and prevent infections in livestock since their 
discovery but were also used as growth pro- 
moters from the 1950s. In the early part of the 
1960s, an increasing number of S. Typhimurium 
with transferable MDR phenotypes began to 
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be isolated in the United Kingdom, with the 
first outbreak of MDR S. Typhimurium (phage 
type 27) in humans reported in 1959. This out- 
break affected 102 patients; ~5% of isolates 
were resistant to streptomycin, sulfonamides, 
and tetracycline (29). In 1963, S. Typhimurium 
phage type DT29 emerged in the United Kingdom 
following the adoption of intensive farming 
methods using antibiotics for the rearing of 
calves (30). Subsequently, in 1965, >1200 and 
>500 MDR S. Typhimurium were isolated from 
cattle and humans, respectively. A recent WGS 
NTS investigation revealed that the AMR gene 
cassettes present in these early U.K. Salmonella 
outbreaks differed from those in historical Salmonella 
outbreaks in France, despite geographic prox- 


“.globalization of the food 
industry means that 
inappropriate antimicrobial 
use in one part of the world 
has implications even for 
countries with strong 
controls on their own usage.” 


imity (31). This observation suggests that the 
emergence of MDR S. Typhimurium was caused 
by the independent acquisition of multiple AMR 
determinants followed by country-specific clonal 
expansions. 

Observations from the 1960s were repeated 
in the 1980s when S. Typhimurium phage type 
DT104 with a genomic island encoding resistance 
against ampicillin, chloramphenicol, streptomycin, 


sulfonamides, and tetracyclines emerged in U.K. 
cattle (32). This epidemic strain successively ac- 
quired resistance to quinolones and trimetho- 
prim. Over the coming years, DT104 became 
widely distributed in cattle, poultry, pigs, and 
sheep and in 1996, >4000 human infections 
were associated with MDR DT104 in the United 
Kingdom. MDR DT104 spread internationally 
throughout the 1990s, particularly in conti- 
nental Europe and North America, and became 
established in multiple domestic animal pop- 
ulations. By 2001, DT104 represented >50% of 
all S. Typhimurium isolates in Eastern Europe 
(33). Local and global transmission routes were 
reconstructed by WGS, and the role of this 
zoonotic pathogen in the spread of AMR through 
interspecies transmission was elucidated (34). 
These data may have cast doubt on the domi- 
nance of local animals in spreading MDR DT104 
to humans, but importantly, they highlighted 
substantial gaps in our AMR surveillance. Nota- 
bly, the general contribution of imported food 
in spreading AMR bacteria to humans remains 
poorly understood. 

The latest foodborne S. Typhimurium epi- 
demic was associated with swine and attrib- 
uted to a monophasic variant (1,4,[5],12:i:-), which 
emerged in Europe in the mid-2000s, as highlighted 
by spread of the clone in France from 2008 (Fig. 3) 
(35). Sequence data identified these organisms 
as one clone, despite belonging to multiple 
phage types, that was distinct from monophasic 
S. Typhimurium previously described in Spain 
and North America. These were found to have 
become MDR through the acquisition of a com- 
posite transposon, which replaced the flagella 
operon. These isolates had also acquired a ge- 
nomic island, which encoded resistance to sev- 
eral heavy metals in pig-feed supplements. This 
European monophasic variant has now been 
reported in swine in the Midwestern United 
States, where it has become resistant to quino- 
lones and third-generation cephalosporins (36). 

It was proposed relatively early on that use 
of penicillins and tetracyclines in livestock 
was responsible for the emergence of MDR 
S. Typhimurium. This hypothesis was contro- 
versial, owing to the complexities of NTS epi- 
demiology and the lack of molecular tools 
allowing high-resolution tracking of the incrim- 
inated bacteria in the different ecosystems. 
In the 1980s, epidemiology, combined with early 
molecular typing techniques, concluded that 
most AMR variants of NTS in the United States 
could be traced to animals (37). Antimicrobial 
use for growth promotion was banned by the 
European Union in 2006 and heavily regulated 
in the United States in 2017. However, global- 
ization of the food industry means that inap- 
propriate antimicrobial use in one part of the 
world has implications even for countries with 
strong controls on their own usage. The recent 
example of the worldwide dissemination of 
MDR Salmonella Kentucky ST198 via African 
poultry further highlights the requirement 
for global one-health approaches to tackle 
AMR (38). 
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Staying one step ahead 


It is indisputable that efforts to kill bacteria 
with chemicals will result in the selection, 
propagation, and dissemination of resistant 
variants. Data generated through WGS have 
revealed the rapid pace at which the bacteria 
can adapt to these chemicals. It is evident that 
some AMR pathogens have outpaced us, with 
untreatable infections appearing in hospitals 
and the community; but WGS studies have 
provided us with the tools and knowledge to 
initiate an intelligence-driven fightback. In par- 
ticular, population genomics data at various 
spatiotemporal scales highlight many repeat- 
ing patterns in the emergence and spread of 
AMR. The predictability of these evolutionary 
processes offers the opportunity to develop 
strategies to minimize the chance that new 
AMR clones are generated during individual 
treatment that will spread locally. For example, 
combination and sequential therapies may create 
conditions that constrain the fitness of emerging 
resistant mutants (39). These strategies are based 
broadly on the principle that adaptation to 
one class of antimicrobial drug may incur col- 
lateral sensitivity to another, such that their 
coordinated use imposes a roadblock to the 
emergence and spread of resistance. As diagnos- 
tics are generally lacking, the most practical 
option is likely to be empirical antimicrobial 
rotation as opposed to patient-tailored thera- 
pies. In theory, antimicrobial combinations or 
cycling can be employed at different levels (e.g., 
patients, wards, hospitals) and time scales (e.g., 
hours, days, months), depending on whether 
the goal is to limit the emergence of AMR within 
patients, or to confine the transmission of AMR 
variants. However, much work is required to 
determine the most effective way to restrict 
emergence and spread of differing resistance 
phenotypes in different settings (40). These ap- 
proaches have the potential to lengthen the life 
of current antimicrobials and are vital for sus- 
taining the efficacy of new antimicrobials as 
they are introduced. 

A further important insight from WGS is 
that while resistance arises constantly during 
individual infections, most AMR variants re- 
present a minimal risk with limited potential 
for transmission beyond the index patient. 
Hence, the major burden of AMR is associated 
with a few high-risk clones that spread easily 
and accumulate additional AMR phenotypes. 
It is these clones that represent the greatest 
risk beyond the individual patient and should 
be targeted more aggressively for containment. 
Work is still needed to understand the mech- 
anisms underlying these apparently superfit 
AMR clones, and WGS studies will be vital for 
this process. Even in the absence of precise 
mechanisms, WGS can be deployed immediately 
for hospital infection control and public health 
surveillance to identify and target clones with 
epidemic potential as they arise. 

The spatiotemporal dynamics of AMR evo- 
lution revealed by WGS studies clearly illus- 
trate that microbial populations do not respect 
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political boundaries; hence, it is imperative that 
AMR genomic surveillance data are combined 
internationally between different sectors in a 
one-health approach (i.e., across medical, veter- 
inary, agricultural, and environmental settings). 
Such data sharing is essential to harness the 
power of genomic surveillance to identify and 
monitor evolutionary trends and population 
dynamics and to identify superfit AMR clones 
as they emerge and spread. The rapid pace of 
the global spread of AMR organisms, such as 
fluoroquinolone-resistant Shigella (22), indicates 
that these efforts have to be implemented in 
real time, as has been argued for the emergence 
of novel pathogens (5). This is the vision of the 
Global Microbial Identifier Project, the WHO, 
and other international bodies, but it has yet to 
gain international support from governments 
and industries. 

AMR is a truly global health problem, one 
that we cannot ignore or attempt to counter 
with increasingly powerful antimicrobial agents. 
WGS has allowed us to understand the dynam- 
ics of AMR and the chaos we have created 
through haphazard antimicrobial usage. The 
data are stark. However, recognizing the com- 
plexity and assessing the magnitude of the task 
ahead is the first fundamental step in tackling 
the global AMR crisis. We are now at a pivotal 
point, and what happens next is likely to dictate 
the future of infectious disease control. Genomics 
has outlined several repeating patterns in the 
emergence and spread of AMR bacteria, and 
although we cannot stop bacterial evolution, we 
can try to channel it. Through coordinated ef- 
forts, intelligent surveillance, and a more funda- 
mental understanding of AMR mechanisms, we 
can learn to use antimicrobials more effectively 
and extend their longevity. 
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THE RISE OF RESISTANCE 


REVIEW 


Worldwide emergence of resistance 
to antifungal drugs challenges human 
health and food security 


Matthew C. Fisher,’* Nichola J. Hawkins,” Dominique Sanglard, Sarah J. Gurr*>* 


The recent rate of emergence of pathogenic fungi that are resistant to the limited number 
of commonly used antifungal agents is unprecedented. The azoles, for example, are used 
not only for human and animal health care and crop protection but also in antifouling 
coatings and timber preservation. The ubiquity and multiple uses of azoles have hastened 
the independent evolution of resistance in many environments. One consequence is an 
increasing risk in human health care from naturally occurring opportunistic fungal 
pathogens that have acquired resistance to this broad class of chemicals. To avoid a global 
collapse in our ability to control fungal infections and to avoid critical failures in medicine 
and food security, we must improve our stewardship of extant chemicals, promote new 
antifungal discovery, and leverage emerging technologies for alternative solutions. 


he rapid emergence of multidrug-resistant 
pathogenic fungi and the better-publicized 
threat of antibiotic-resistant bacteria to- 
gether pose a considerable threat to dis- 
ease control across diverse anthropogenic 
systems. These microbes respond adroitly to 
human-induced natural selection through chem- 
ical treatments and nimbly hijack human glob- 
alization pathways (J), thus disseminating the 
problems worldwide. Today, crop-destroying fungi 
account for perennial yield losses of ~20% world- 
wide, with a further 10% loss postharvest. Fungal 
effects on human health are currently spiraling, 
and the global mortality rate for fungal diseases 
now exceeds that for malaria or breast cancer 
and is comparable to those for tuberculosis and 
HIV (2). Fungal infections have hitherto been 
greatly neglected relative to other classes of 
infectious disease, despite their ubiquity. 

The first antifungal chemicals used in human 
health care, nystatin and the polyenes, were dis- 
covered in the 1950s, and copper and sulfur fun- 
gicides were first used to control crop disease more 
than 150 years ago. Today, systemic antifungals 
and fungicides are used as frontline treatments 
for fungal diseases in humans and plants. Fungal 
pathogen control can, however, be ephemeral 
because of the rapid development of resistance to 
the chemicals. Fungi have highly plastic genomes 
and reproduce rapidly. The combination of these 
properties quickly generates variants selected for 
resistance. For plant pathogens, the pace of break- 
down of antifungal protection is enhanced by 


IMRC Centre for Global Infectious Disease Analysis, School 
of Public Health, Imperial College London, London W2 1PG, 
UK. Department of Biointeractions and Crop Protection, 
Rothamsted Research, Harpenden AL5 2JQ, UK. Institute of 
Microbiology, University of Lausanne and University Hospital, 
Lausanne CH-1011, Switzerland. Department of 
BioSciences, University of Exeter, Exeter EX4 4QD, UK. 
Department of BioSciences, Utrecht University, 
Paduallaan 8, Netherlands. 

*Corresponding author. Email: matthew.fisher@imperial.ac.uk 
(M.C.F.); s.j.gurr@exeter.ac.uk (S.J.G.) 


Fisher et al., Science 360, 739-742 (2018) 


18 May 2018 


monoculture cropping practices, as large swathes 
of genetically uniform crops provide ideal breed- 
ing and feeding grounds for the rapid emer- 
gence of fungicide-resistant variants. In humans, 
long periods of prophylactic treatment in at-risk 
patients can similarly lead to the emergence of 
antifungal resistance (3). Resistance of clinical 
pathogens to all licensed systemic antifungals has 
been documented, although the rate of emergence 
varies among drug classes (Fig. 1) (3). Likewise, 
despite the wider range of fungicides licensed for 
use in agriculture, resistance to each main class of 
fungicides has emerged in some major patho- 
gens (Fig. 1). This threat is exacerbated by the 
additional threat of withdrawal of some chem- 
ical classes because of regulatory changes in ju- 
risdictions such as the European Union (EU). 


Antifungals for the treatment of fungal 
diseases in the clinic and the field 


The chemical control of fungal pathogens that 
cause diseases in animals and crops has pro- 
gressed from the use of inorganic chemicals to 
the use of organic surface protectant chemicals 
and then to the use of systemically acting fungi- 
cides. Approximately nine times more antifungal 
compounds are available to control crop dis- 
eases than to treat systemic animal infections. 
Licensed treatments for humans are limited to 
four frontline classes of drugs (Fig. 1): The poly- 
enes (such as amphotericin B) disrupt the struc- 
ture of cell membranes by sequestering the 
fungal membrane sterol ergosterol. The pyrim- 
idine analog 5-fluorocytosine (5-FC) blocks pyrim- 
idine metabolism and DNA synthesis. The 
newest class of antifungals, the echinocandins, 
inhibits (1-3)-B-p-glucan synthase and disrupts 
cell wall biosynthesis. The fourth and most wide- 
ly used class of fungicides, the azoles, blocks 
ergosterol biosynthesis through inhibition of 
lanosterol 14-a-demethylase. Most fungicides for 
crop disease target mitochondrial function, the 
cytoskeleton, or ergosterol biosynthesis (Fig. 1), 


although some specialized chemicals, such as 
the azanaphthalenes for powdery mildew con- 
trol, target other pathways. However, the azoles 
remain the dominant chemicals in the treatment 
of fungal infections in crops, humans, and live- 
stock, with five licensed clinical azole antifungals 
and 31 available for crop protection. 


Parallel drivers of fungicide resistance 
in the clinic and the field 


Human population growth, urbanization, and 
economic prosperity have fueled demands for 
increasing quantities and varieties of food. In- 
tensive agriculture has too often responded to 
this demand with crops bred for maximum pro- 
ductivity under the protection of broad-scale 
pesticide applications, inadvertently breeding 
out the plants’ own defenses. In parallel, the 
number of humans at risk from fungal infec- 
tions is rising rapidly with increases in popu- 
lations that are particularly susceptible because 
of age, medical interventions, or HIV infection. 
Medical advances resulting in greater initial 
survival rates for patients with cancer or organ 
transplantation can leave these patients suscep- 
tible to secondary attacks from opportunistic 
fungi, leading to increasing use of antifungal 
drugs in clinical practice (Fig. 2 and table S1). 

The global movement of people and global 
trade in produce have hastened the free flow 
of fungal pathogens from country to country, 
bringing pathogens into contact with naive hosts 
() (Fig. 3). In the clinical setting, new species of 
multidrug-resistant pathogenic fungi are emerg- 
ing. Candida auris, first described in Japan in 
2009 after isolation from a patient’s ear, is re- 
sponsible for rapidly increasing hospital-acquired 
invasive infections worldwide (4). This fungus is 
now resistant to all clinical antifungals (5) and 
presents a threat to intensive care units because 
it can survive normal decontamination proto- 
cols (6). The emergence of resistance in Candida 
glabrata has coincided with this species becom- 
ing the predominant bloodstream pathogen re- 
covered from patients, largely because of the 
increasing prophylactic use of echinocandins 
and azoles (7). There is also a growing threat from 
filamentous pathogenic fungi that are intrinsi- 
cally resistant to a broad range of antifungals, 
such as Aspergillus terreus (8), Scedosporium 
spp. (9), Fusarium spp. (10), and members of the 
Mucorales (11). 

Simultaneously, we are witnessing the con- 
tinual emergence of new races of plant-infecting 
fungi able to overcome both host defenses and 
chemical treatments (72), as well as the evolu- 
tion of these traits in existing major pathogens 
(13, 14). The first case of resistance against the 
benzimidazoles (MBCs) was reported in 1969 
(15), and now MBC resistance is known to occur 
in more than 90 plant pathogens (J6). Azole 
resistance in a plant pathogen was first reported 
in 1981 (17), but azole resistance is generally par- 
tial, in contrast to the complete control failures 
seen for MBCs (8). Resistance to strobilurins 
(QolIs) was reported in field trials even before 
commercial introduction and in wider field 
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populations within 2 years of release (19). A new 
generation of succinate dehydrogenase inhibitors 
(SDHIs) was introduced in 2007, but by 2017 
resistant field isolates were found in 17 pathogen 
species (20). Pathogens with resistance to MBCs, 
azoles, QolIs, and SDHIs include the major wheat 
pathogen Zymoseptoria tritici, banana black sigatoka 
pathogen Mycosphaerella fijiensis, cereal powdery 
mildew fungus Blumeria graminis, the emerg- 
ing barley pathogen Ramularia collo-cygni, and 
the apple scab fungus Venturia inaequalis. For 
Botrytis cinerea (a generalist pathogen that causes 
gray mold, particularly on soft fruits), resistance 
against 15 different classes of systemic and pro- 
tectant fungicides has been reported (27). 


Parallel evolution of resistance 
mechanisms in the clinic and the field 


The selective pressure exerted on fungi by single- 
site-inhibiting fungicides has resulted in similar 
adaptations arising over time in disparate fungal 
species. Parallel evolution of resistance extends 
across clinical and plant-pathogenic fungi, with 
the same key resistance mechanisms occurring 
independently in both. 

Mutations resulting in conformational changes 
to the drug target site are the most common form of 
resistance in pathogenic fungi. Target-site mutations 
have been reported in candin-resistant clinical 
pathogens and MBC-, Qol-, and SDHI-resistant 


Plants 


Anilinopyrimidines 


Qols 


MBCs 
€ Morpholines 


? 


Fig. 1. Current classes of drugs used against plant and animal fungal 
infections and known mechanisms of resistance to them. The six main 
classes of fungicides are the morpholines, which inhibit two target sites within 
the ergosterol biosynthetic pathway, Al4-reductase and A8-A7-isomerase 
(this reduces the risk of target-site resistance, but their intrinsic antifungal 
activity spectrum is narrower than those of other antifungals); the azoles 
(used also in animal infections), which target the ergosterol biosynthetic 
pathway; the benzimidazoles (MBCs), which interfere with the cytoskeleton 
by binding to B-tubulin, thus preventing the assembly of microtubules; the 
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plant pathogens, as well as azole-resistant strains 
in agricultural and clinical settings. A single mu- 
tation, Gly““’—Ala in cytochrome 8, has emerged 
in the field in more than 20 species under se- 
lection by Qols (14). Moreover, the Tyr™’—Phe 
substitution in CYP51 (P450 cytochrome) has 
been found in multiple plant pathogens with 
partial azole resistance, and Tyr’’—Phe also 
occurs at the equivalent residue in Candida 
albicans (18). Promoter changes resulting in up- 
regulation of the fungicide target are also com- 
mon across clinical and plant-pathogenic fungi 
(22). In Aspergillus fumigatus, tandem repeats in 
the CYP51A promoter region occur together with 
downstream single-nucleotide polymorphisms 
(SNPs) in the coding region, conferring a multi- 
azole resistance phenotype (23). 

A third resistance mechanism involves re- 
ducing intracellular drug accumulation by up- 
regulation of efflux pumps, such as adenosine 
triphosphate-binding cassette transporters or 
major facilitators. Their up-regulation may re- 
sult from promoter insertions or transcription 
factor gain-of-function mutations (3, 24). 

Further resistance mechanisms have been 
identified in clinical pathogens. Activation of 
stress response pathways by Hsp90 can unleash 
cryptic diversity, potentiating the evolution of 
resistance to azoles, echinocandins, and polyenes 
in Candida and Aspergillus species (25). Struc- 
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Animals 
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Echinocandins 


r¢ 
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tural genomic plasticity can result in resistance, 
with chromosome arm duplications leading to 
efflux pump and target-site overexpression in 
C. albicans (24, 26). Hypermutator strains of 
C. glabrata and Cryptococcus neoformans, with 
the potential to evolve rapidly in response to 
host and drug selection, were recently reported 
(27, 28). 


Dual use of azoles in the clinic 
and the field 


The azoles are the most widely deployed class 
of fungicides in crop protection, totaling in 
excess of 26% of all fungicides across the EU 
(29). Azoles are also frontline drugs used in hu- 
mans and animals; however, such multiple use 
seems to have promoted azole resistance in an 
opportunistic pathogen of humans (29, 30), the 
saprotroph A. fumigatus. This species colonizes 
decaying vegetation in fields, forests, and compost 
heaps but is also capable of invading immuno- 
compromised humans. Multi-azole-resistant 
A. fumigatus has been recovered from environ- 
mental and clinical samples globally. In the 
Netherlands, more than 25% of clinical Aspergillus 
strains carry azole resistance alleles (37). Azoles 
are increasingly failing as frontline therapies, 
with associated patient mortality approaching 
100% (31). Population genomic analyses have 
shown that azole-resistant alleles in A. fumigatus 
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strobilurins (Qols) and succinate dehydrogenase inhibitors (SDHIs), which 
both inhibit the electron transfer chain of mitochondrial respiration, with the 
SDHIs inhibiting complex II (succinate dehydrogenase) and the Qols 
inhibiting complex III (the quinone outside binding pocket of cytochrome b); 
and the anilinopyrimidines, which may target mitochondrial signaling 
pathways. Three other antifungal classes are used for animal fungal 
infections: the echinocandins, which inhibit cell wall biosynthesis; the 
pyrimidine analogs, which interfere with nucleic acid biosynthesis; and the 
polyenes, which bind ergosterol. 
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are associated with selective sweeps when azole 
use is high, as in India (32). Moreover, recombina- 
tion in A. fumigatus generates new combinations 
of azole resistance alleles (32). Investigations 
are now under way to assess the relative contribu- 
tions of clinical and environmental selection to 
azole resistance in A. fumigatus and to identify the 
most problematic environmental applications of 
azoles. The potential conflict between the level 
of agricultural use and the durability of clinical 
effectiveness of azoles highlights how limited 


Plants 


the antifungal toolbox is, where neither “side” 
can afford to lose a mode of action (33). 
Most cases of fungicide and antifungal resist- 
ance across field and clinic settings appear to 
have arisen by the repeated independent evolu- 
tion of resistance to successive fungicides within 
numerous fungal species. This is where evolu- 
tion of antifungal resistance differs fundamen- 
tally from that of antibacterial resistance, which 
is frequently transferred between pathogens of 
animals and humans via the “mobilome” of plas- 


Humans 


Fig. 2. Fungal species with reported antifungal resistance, by country. Increasing color intensity 
reflects a growing number of reports. The plant maps depict spatiotemporal records of resistance of 
crop pathogens to azoles (blue scale). The human maps depict spatiotemporal records of resistance of 
the pathogens A. fumigatus, C. albicans, C. auris, C. glabrata, Cryptococcus gattii, and Cryptococcus 
neoformans to azoles (red scale). The data are derived from peer-reviewed publications as of March 2018, 
reporting the occurrence of cases of resistance up to 2017 (the list of publications is available in table S1). 
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mids and phage (34). Some evidence indicates 
horizontal gene transfer among fungi (35), but 
this fungal gene transfer occurs over longer time 
scales than gene transfer among bacteria and 
the dynamics of resistance arising by this route 
is thus far negligible. 


Prospects for diversifying the toolbox 
for fungal control 


To counter the escalating risks of fungal disease, 
we need to discover antifungal chemicals with 
new modes of action, hinder the emergence of 
resistance in extant chemicals by better stew- 
ardship, and develop new disease control stra- 
tegies to avoid overreliance on fungicides. 


Development of new antifungals 


The rate of emergence of fungicide resistance 
(Fig. 2) is greater than the pace of fungicide dis- 
covery, and the long registration process for new 
compounds adds further delays. This situation 
parallels the situation for antibiotics. Increased 
research activity is thus needed to develop new 
antifungal drugs (36). Recently, substantial pro- 
gress has occurred in this field, with at least 11 
antifungals in phase 1 and 2 clinical trials and at 
least two in the agricultural chemicals pipeline. 
Several of these are derivatives of commonly used 
antifungal chemicals, such as ergosterol biosyn- 
thesis and cell wall biosynthesis inhibitors, engi- 
neered for higher efficacy, and others have new 
modes of action. Combining molecular modeling, 
combinatorial chemistry, and high-throughput 
screening has the potential to develop chemicals 
with reduced resistance risk (37). 


Stewardship of existing compounds 


Robust global strategies are needed to slow the 
development of antifungal resistance. Combin- 
ing different modes of action, either in mix- 
tures or in alternating treatments, may slow the 
emergence of resistance. For example, combina- 
tions of fluconazole, flucytosine, and amphotericin 
B can effectively treat HIV-associated cryptococ- 
cal meningitis (38). In agriculture, mixtures of 
fungicides with different modes of action are 
already widely recommended (39), with some 
formulations available only as mixed products. 
Where target-site mutations confer high levels 
of resistance, lower doses of antifungals should 
be favored (40, 41). However, this results in a 
trade-off between the immediate gain of treat- 
ment effectiveness and the longer benefit from 
slowing the selection of resistance. Improvements 
in molecular diagnostics are also needed, both 
for the identification of fungal pathogens so that 
antifungals can be used appropriately and for 
the detection of specific resistance alleles, as the 
monitoring of resistance is a vital part of stew- 
ardship (42). 


Integrated disease management 


To reduce our reliance on chemical control alone, 
we must develop more nonchemical control 
measures to use where effective fungicides are 
no longer available or to use in combination 
with fungicides to reduce the selective pressure 
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Fig. 3. Evolutionary drivers of antifungal resistance: heritable variation, high reproductive 


output, and differential survival. 


on each component. In crops, the development 
of innate disease resistance through the selec- 
tion of major pathogen-resistance alleles is widely 
used to breed disease-resistant cultivars. However, 
this approach is slow, with a 20-year lag from 
finding a suitable disease-resistance gene to 
releasing it in commercial lines. Marker-assisted 
breeding can speed up the recombination of 
multiple disease-resistance alleles, but it still 
takes approximately a decade (43). Transgene 
cloning, or gene editing, is faster still (requir- 
ing ~2 years), but no crops with transgenic anti- 
fungal disease resistance have yet been released 
commercially. The high degree of specificity be- 
tween host and pathogen for major resistance 
genes (44) means that pathogens can also rap- 
idly evolve to overcome this strategy. However, 
“evolution-smart” disease-resistant crops with 
pyramided pathogen-resistance genes or mo- 
saic deployment of resistant varieties may pro- 
vide greater durability of disease control. Minor 
resistance genes, such as those for the antifungal 
chitinases and glucanases, carry the advantage 
of broad-spectrum activity (45) but introduce 
the possible disadvantage of yield penalties, as 
well as providing incomplete protection. Fur- 
ther sources of genetic disease resistance can be 
found in the gene pools of crops’ wild relatives, 
which may be introduced into modern crop var- 
ieties through introgression or transgenesis (43). 

In humans, advances in combination anti- 
retroviral therapy to halt HIV-AIDS progression, 
gene therapies under development for cystic 
fibrosis, and tissue engineering for rejection-free 
transplantation can reduce vulnerability to fun- 
gal infections in the corresponding patient co- 
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horts. Also, the first antifungal vaccine against 
C. albicans is undergoing clinical trials (46), and 
the use of bioengineered T cells to augment host 
immunity is being explored (47). Lastly, the iden- 
tification of human genetic biomarkers associ- 
ated with susceptibility to fungal diseases, such 
as SNPs in the immune mediator PTX3 (48), pro- 
vides a new path to identify patient groups in 
which antifungal treatments could be reduced. 

The rapidly growing fields of synthetic biol- 
ogy and epigenomics are now converging to de- 
velop antifungal treatments on the basis of RNA 
interference (RNAi). Bidirectional cross-kingdom 
microRNA (miRNA) trafficking between plants 
and fungi is being developed to fight pathogens 
(49) such as B. cinerea, which uses miRNA vir- 
ulence effectors to silence host plant immune 
genes (50, 57). Current research avenues include 
identifying new targets for RNAi and, crucially, 
developing systems for the stable and targeted 
delivery of RNA silencing through genetic engi- 
neering of the host plant or exogenous application 
of synthetic RNA (50-52). Although such ap- 
proaches have not yet been used to treat fungal 
infections in the clinic, the discovery of RNAi as 
a promising clinical antifungal strategy is po- 
tentially transformational. 


REFERENCES AND NOTES 


1. M.C. Fisher et al., Nature 484, 186-194 (2012). 

2. G. D. Brown et al., Sci. Transl. Med. 4, 165rv13 (2012). 

3. N. Robbins, T. Caplan, L. E. Cowen, Annu. Rev. Microbiol. 71, 
753-775 (2017). 

4. A. Chowdhary, C. Sharma, J. F. Meis, PLOS Pathog. 13, 
e1006290 (2017). 

5. S. R. Lockhart et al., Clin. Infect. Dis. 64, 134-140 (2017). 

S. Schelenz et al., Antimicrob. Resist. Infect. Control 5, 35 (2016). 

7. B.D. Alexander et al., Clin. Infect. Dis. 56, 1724-1732 (2013). 


a 


R. Hachem et al., J. Antimicrob. Chemother. 69, 3148-3155 (2014). 
M. Lackner et al., Antimicrob. Agents Chemother. 56, 
635-2642 (2012). 
0. A. M. Al-Hatmi, F. Hagen, S. B. Menken, J. F. Meis, 
G. S. de Hoog, Emerg. Microbes Infect. 5, e124 (2016). 
M. Slavin et al., Clin. Microbiol. Infect. 21, 490.e1-490.e10 (2015). 
M. T. Islam et al., BMC Biol. 14, 84 (2016). 
M. S. Hovmaller, S. et al., Plant Pathol. 65, 402-411 (2016). 
. A. Lucas, N. J. Hawkins, B. A. Fraaije, Adv. Appl. Microbiol. 
10, 29-92 (2015). 
W. T. Schroeder, R. Prowvidenti, Plant Dis. Rep. 53, 271-275 (1969). 
N. J. Hawkins, B. A. Fraaije, Front. Microbiol. 7, 1814 (2016). 
J. T. Fletcher, M. S. Wolfe, in British Crop Protection Conference— 
Pests and Diseases, Brighton, UK, 16 to 19 November 1981 
(British Crop Protection Council, 1981), vol. 2, pp. 633-640. 
H. J. Cools, B. A. Fraaije, Pest Manag. Sci. 64, 681-684 (2008). 
S. P. Heaney, A. Hall, S. A. Davies, G. Olaya, paper presented at 
he 2000 BCPC Conference—Pests and Diseases, Brighton, 
UK, 13 to 16 November 2000. 
20. Fungicide Resistance Action Committee (FRAC), “FRAC list of 
plant pathogenic organisms resistant to disease control 
agents, revised December 2017” (FRAC, 2017). 
21. M. Hahn, J. Chem. Biol. 7, 133-141 (2014). 
22. H. Hamamoto et al., Appl. Environ. Microbiol. 66, 3421-3426 (2000). 
23. E. Snelders et al., Fungal Genet. Biol. 48, 1062-1070 (2011). 
24. N. J. Hawkins et al., Mol. Biol. Evol. 31, 1793-1802 (2014). 
25. L. E. Cowen, S. Lindquist, Science 309, 2185-2189 (2005). 
26. A. Selmecki, M. Gerami-Nejad, C. Paulson, A. Forche, 
. Berman, Mol. Microbiol. 68, 624-641 (2008). 
27. J. Rhodes et al., G3 7, 1165-1176 (2017). 
28. K. R. Healey et al., Nat. Commun. 7, 11128 (2016). 
29. European Centers for Disease Control, “Risk assessment on 
the impact of environmental usage of triazoles on the development 
and spread of resistance to medical triazoles in Aspergillus species” 
(European Centers for Disease Control, 2013). 
30. J. F. Meis, A. Chowdhary, J. L. Rhodes, M. C. Fisher, 
P. E. Verweij, Philos. Trans. R. Soc. London Ser. B 371, 
20150460 (2016). 
31. J. van Paassen, A. Russcher, A. W. In 't Veld-van Wingerden, 
P. E. Verweij, E. J. Kuijper, Euro Surveill. 21, 30300 (2016). 
32. A. Abdolrasouli et al., mBio 6, e€00536-15 (2015). 
33. C. J. Swanton, H. R. Mashhadi, K. R. Solomon, M. M. Afifi, 
S. 0. Duke, Pest Manag. Sci. 67, 790-797 (2011). 
34. J. A. Perry, G. D. Wright, Front. Microbiol. 4, 138 (2013). 
35. T. A. Richards et al., Proc. Natl. Acad. Sci. U.S.A. 108, 
5258-15263 (2011). 
36. D. W. Denning, M. J. Bromley, Science 347, 1414-1416 (2015). 
37. J. L. Nishikawa et al., Nature 530, 485-489 (2016). 
38. M. Molefi et al., Trials 16, 276 (2015). 
39. H. Dooley, M. W. Shaw, J. Spink, S. Kildea, Plant Pathol. 65, 
24-136 (2016). 
40. F. van den Bosch, N. Paveley, M. Shaw, P. Hobbelen, R. Oliver, 
Plant Pathol. 60, 597-606 (2011). 
41. A. Mikaberidze, N. Paveley, S. Bonhoeffer, F. van den Bosch, 
Phytopathology 107, 545-560 (2017). 
42. R4P Network, Trends Plant Sci. 21, 834-853 (2016). 
43. S. Ashkani et al., Front. Plant Sci. 6, 886 (2015). 
44. S. J. Gurr, P. J. Rushton, Trends Biotechnol. 23, 275-282 (2005). 
45. H. F. Eissa et al., Plant Methods 13, 41 (2017). 
46. J. E. Edwards Jr., J. Med. Microbiol. 61, 895-903 (2012). 
47, P. R. Kumaresan et al., Proc. Natl. Acad. Sci. U.S.A. 111, 
0660-10665 (2014). 
48. C. Cunha et al., N. Engl. J. Med. 370, 421-432 (2014). 
49. M. Z. Ratajczak, J. Ratajczak, Clin. Trans/. Med. 5, 7 (2016). 
50. A. Weiberg et al., Science 342, 118-123 (2013). 
51. M. Wang et al., Nat. Plants 2, 16151 (2016). 
52. L. Kudsiova et al., Mol. Biosyst. 12, 934-951 (2016). 


2 
S. 

JA 

9 


© 68 


po) 


ACKNOWLEDGMENTS 


We thank C. Thornton and G. Steinberg for their critical appraisal of 
the manuscript, C. Gurr for infographics based on ideas from N.J.H., 
and A. Abdolrasouli for assistance with literature searches. Funding: 
M.C.F. was supported by the Natural Environmental Research Council 
(NERC; NE/K014455/1) and the Medical Research Council (MRC; 
MR/KO00373/1), N.J.H. was supported through the BBSRC's Industrial 
Strategy Challenge Fund (BBS/OS/CP/000001), D.S. was supported 
by the Swiss National Science Foundation (FN 301003A-172958), 

and S.J.G. was supported by BBSRC (BB/PO18335, awarded to 
G. Steinberg and S.J.G.). Competing interests: None declared. 


SUPPLEMENTARY MATERIALS 


www.sciencemag.org/content/360/6390/739/suppl/DC1 
Table S1 
References (53-323) 


10.1126/science.aap7999 


4 of 4 


8102 ‘og Aew uo /Bio Beweoualos soua!0s//:d}jy WO peapeojuMOGg 


SPECIAL SECTION 


THE RISE OF RESISTANCE 


REVIEW 


Prospects for harnessing biocide 
resistance for bioremediation 


and detoxification 


Siavash Atashgahi,’ Irene Sanchez-Andrea,’ Hermann J. Heipieper,” 
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Prokaryotes in natural environments respond rapidly to high concentrations of 
chemicals and physical stresses. Exposure to anthropogenic toxic substances—such 

as oil, chlorinated solvents, or antibiotics—favors the evolution of resistant phenotypes, 
some of which can use contaminants as an exclusive carbon source or as electron 
donors and acceptors. Microorganisms similarly adapt to extreme pH, metal, or 
osmotic stress. The metabolic plasticity of prokaryotes can thus be harnessed 

for bioremediation and can be exploited in a variety of ways, ranging from 

stimulated natural attenuation to bioaugmentation and from wastewater treatment 


to habitat restoration. 


icroorganisms in pristine ecosystems as 
well as those in anthropogenically dis- 
turbed habitats are constantly chal- 
lenged by combinations of chemicals 
and physical stresses. Natural habitats 
can experience combinations of conditions from 
high salinity and osmolarity, desiccation, ultra- 
violet radiation, high pressure, or extremes of pH 
or temperature (J). Industrial, agricultural, and 
domestic activities lead to the release of organic 
and inorganic compounds toxic to a wide range 
of organisms in the environment. Microbes ex- 
posed to such conditions can rapidly develop 
physiological and/or genetic adaptations to resist 
environmental constraints. Harnessing the meta- 
bolic capacities of prokaryotes and their adaptive 
potential is of interest for a broad range of ap- 
plications for environmental clean-up as well as 
for treatment of domestic and industrial waste. 


Microbial tolerance and 
resistance mechanisms 


The mechanisms that enable bacteria to survive 
typical environmental stressors, such as toxic con- 
centrations of organic pollutants and changes in 
temperature or osmolarity, are well understood 
(2-4). Preventing damage to the cell envelope 
and cellular membranes are pivotal for prokary- 
ote survival (5). Hence, one of the first responses 
to toxic assault is membrane repair to reestab- 
lish membrane fluidity and rigidity. In Gram- 
negative bacteria, this occurs with the insertion 
of saturated and trans-configurated unsaturated 
fatty acids, whereas in Gram-positive bacteria, 
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iso-branched fatty acids are inserted (6). Cell- 
surface properties can also be modified during 
exposure to stressors by the release of outer- 
membrane vesicles, which increase surface hy- 
drophobicity. This phenomenon can stimulate 
biofilm formation, making bacteria yet more tol- 
erant to environmental stressors (7). Bacteria can 
also change their morphology in the presence 
of toxic concentrations of organic pollutants, 
increasing their overall size and decreasing 
surface-to-volume ratio (5). 

Many bacteria respond to stresses by inducing 
synthesis of specific membrane efflux pumps. 
This response is well understood in bacteria 
capable of withstanding high concentrations of 
organic solvents such as benzene, toluene, eth- 
ylbenzene, and xylene (BTEX). BTEX are excreted 
from membranes by energy-driven protein pumps 
belonging to the root nodulation (RND) family of 
membrane proteins. RND proteins are known in 
other bacteria to transport antibiotics and con- 
tribute to multidrug resistance (3). Cross-protection 
to different stresses is common. For example, 
bacterial cells that adapt to a given solvent also 
show increased tolerance to other solvents, heavy 
metals, antibiotics, and several forms of physical- 
chemical stress. Because bacterial adaptive phys- 
iological responses are inducible, it is therefore 
possible to pre-adapt the cells for potential ap- 
plications at contaminated sites (5). 


Role of environments in tolerance and 
resistance selection 


Although any environment ultimately selects for 
the survival and proliferation of specific micro- 
bial genotypes, extreme and polluted environ- 
ments showcase the power of such selective 
forces. Polluted environments are frequently char- 
acterized by high concentrations of toxic sub- 
stances that can appear in sudden, infrequent, 
but ephemeral bursts such as oil spills (8), but 
equally, chronic pollution can arise from long- 
term input of pollutants (9). An influx of high 
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concentrations of toxic compounds can lead to 
dramatic shifts in microbial community compo- 
sition and diversity (Fig. 1, top) (10). Consequently, 
carbon and nutrients in the system that are no 
longer used by sensitive phenotypes can be used 
for growth by resistant phenotypes (Fig. 1, top) (1D. 
Additionally, polluting compounds can become an 
exclusive source of assimilable nutrients or electron 
donors or acceptors for resistant microorganisms 
(Fig. 1, bottom) (77). For example, oil-degrading 
bacteria occur at typically low abundances in 
marine environments but respond with astonish- 
ingly rapid blooms during oil spills (12). Even for 
synthetic chemicals considered to be xenobiotic— 
such as chlorinated solvents, pesticides, and the 
plastic poly(ethylene terephthalate)—release into 
the environment, and long-term pollution selects 
for the appearance and proliferation of mutants 
with naturally recombined metabolic pathways, 
which profit from the exclusivity of the toxic 
compound for growth (13-15). Natural recom- 
bination is largely the result of abundant hori- 
zontal gene flow in prokaryote communities. 
Diverse mechanisms have been implicated in 
gene flow, such as plasmid conjugation, natural 
transformation, and integrative and conjugative 
or transposable elements (77). Extreme toxicity 
resistance as a result of RND-type efflux mech- 
anisms may thus be a prerequisite for further 
adaptation by keeping the intracellular concen- 
tration of the toxicant low enough to permit its 
metabolism (16). 

As worldwide environmental concerns shift from 
high contamination loads of legacy chemicals— 
such as oil, polycyclic aromatic hydrocarbons, 
and polychlorinated biphenyls—toward low con- 
centrations of biologically very active molecules— 
including antibiotics, other pharmaceuticals, 
and ingredients of household and consumer care 
products—the question is what types of micro- 
bial resistance will be selected by low and chronic 
concentrations of these chemicals. Although low 
concentrations of chemicals can be toxic to some 
lineages and may result in selection of resistant 
phenotypes, as the widespread emergence of anti- 
biotic resistances attests, the distinct prolifera- 
tion of “compound-degrader” phenotypes may be 
more difficult to discern. Conceivably, micropol- 
lutant degraders might have more advantage in 
oligotrophic environments (17), where available 
nutrients are scarce and the ability to metabolize 
micropollutants may be particularly competitive. 


Concepts for harnessing 
toxicant-tolerant or -resistant bacteria 


An important outcome of adaptation and selec- 
tion in contaminated environments is that sites 
chronically polluted with organic compounds nat- 
urally restore over time and diminish the pol- 
lution load (78). Such natural attenuation and 
restoration processes may, however, take dec- 
ades (19). Nevertheless, they require little technical 
intervention or cost. The spontaneous adaptation 
and selection that has led to the appearance of 
(naturally recombinant) bacteria capable of re- 
sisting or degrading contaminants has since 
long attracted interest for potential applications 
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Fig. 1. Environmental selection of adaptive phenotypes to toxic 
compound stresses. (Top) Exposure of a diverse bacterial 
community to toxic concentrations of chemicals inhibits or kills 
sensitive individuals. Resistant organisms profit from the availability 
of unused carbon and nutrients in the system to proliferate. 
(Bottom) Toxic organic compounds themselves can be used as an 


elsewhere. The enrichment or isolation of promis- 
ing pollutant-degrading bacteria, growth under 
laboratory conditions, and formulation for use 
in similar conditions and context—a process called 
bioaugmentation—could potentially shorten the 
long on-site adaptation process and accelerate 
remediation. 

Bioaugmentation has been successfully applied 
at sites contaminated with organohalogen com- 
pounds. Organohalide-respiring bacteria (OHRB) 
such as Dehalococcoides mecartyt, Dehalogenimonas 
spp., and Dehalobacter spp. use chlorinated sol- 
vents and/or pesticides as their sole terminal 
electron acceptors for growth (20). Organohalide 
respiration is probably evolutionarily ancient (27), 
but traces of recent or even ongoing genetic ad- 
aptation are detectable in the genomes of these 
species. Precultured stocks of microbial consortia 
containing OHRB have been successfully applied 
so as to improve bioremediation of sites con- 
taminated with chlorinated solvents such as 
tetrachloroethene (Fig. 2) (20, 22). OHRB aug- 
mentation has been shown to be essential for on- 
site chlorinated solvent bioremediation because 
stimulation of the autochthonous OHRB frequently 
leads to accumulation of a more toxic transfor- 
mation product, vinyl chloride (23). 

Widespread pollution with hexachlorocyclo- 
hexanes (HCHs) arose around the world during 
production of the currently largely banned pesti- 
cide, the y-HCH isomer lindane. Bacteria adapted 
to using HCHs as their sole carbon and energy 
sources have been discovered at HCH-contaminated 
sites (24) as a result of natural recruitment and 
recombination of existing genes and subsequent 
mutations. Such bacteria have been isolated, cul- 
tured in larger quantities, specifically formulated, 
and successfully used in the bioaugmentation of 
HCH-contaminated areas (25). 
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Oil bioremediation 

Crude oil is toxic to metazoan life yet is a supply 
of extremely energy-rich carbon sources for hy- 
drocarbonoclastic bacteria. Hydrocarbonoclastic 
bacteria are ubiquitous and evolutionarily old 
lineages that have adapted to oil components 
released at natural oil seeps (26, 27). Typically, 
their population size in the absence of oil spills 
is very small, but they bloom during oil con- 
tamination. For example, Oceanospirillales spp. 
can compose 90% of the local marine bacterial 
community after oil spillage (27). Two well-known 


“Although any environment 
ultimately selects for the 
survival and proliferation 
of specific microbial 
genotypes, extreme and 
polluted environments 
showcase the power of such 
selective forces.” 


species, Alcanivorax borkumensis and Oleispira 
antarctica, have evolved several adaptive strat- 
egies to optimize access to their poorly water- 
soluble aliphatic hydrocarbon substrates (27, 28). 
These include an increase in cell surface hydro- 
phobicity that is thought to favor partitioning of 
substrates into the cell envelope, as well as pro- 
duction of biosurfactants to increase the ambient 
solubility of the aliphatic hydrocarbons. In- 
terestingly, A. borkumensis is also able to di- 
rectly incorporate fatty acids, resulting from 
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bacteria in the community or for newly arising mutants. These 
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r bacteria may additionally profit from 
hanisms. 


oxidation of aliphatic hydrocarbons, into its 
cell membrane (28). 

Although bioaugmentation of oil spills is often 
revisited, the application of large quantities of 
precultured marine hydrocarbonoclastic bac- 
teria has not been very successful. A more effec- 
tive measure for major spills seems to be through 
stimulation of the growth and activity of indig- 
enous hydrocarbonoclastic bacteria with the ap- 
plication of lipophilic nitrogen-phosphorous-rich 
fertilizers, both in the open sea as well as on rocks 
and beaches contaminated with crude oil (29). 

Oil spills in arid terrestrial environments are 
accompanied by the simultaneous occurrence of 
high pH, high salinity, and high loads of toxic 
organic compounds. In general, adaptation to os- 
motic stress under high salinity and pH requires 
increased intracellular salt concentration or accu- 
mulation of organic osmotic solutes (30). At ele- 
vated salinity, the microbial cell surface tends to 
become more hydrophilic, which will further limit 
physiological activity on hydrophobic hydrocar- 
bons. High salt concentrations are also charac- 
terized by reduced dissolved oxygen, but some 
organisms can metabolize oil under these con- 
ditions, although the mechanisms are not well 
understood. Successful large-scale bioaugmen- 
tation has been implemented in a water pit 
(3600 m*) heavily polluted with crude oil in 
northern Oman, where the addition of halo- 
philic cultures reduced hydrocarbon concen- 
trations from 10 to 40% (w/w) to below 1% (w/w) 
within a year (Fig. 3) (31). 


Resistance to low pH and high 
concentrations of heavy metals 


Metal extraction and metal leachate decontami- 
nation offers contrasting examples of microbial 


resistance and its potential use for bioremediation. 
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Fig. 2. Bioaugmentation with OHRB. (Left) Injection of microbial cultures containing OHRB in an injection well or (Right) direct push injection without 


the use of wells in aquifers contaminated with ch 


Bioextraction and recovery of valuable metals 
from sulfidic ores (biohydrometallurgy) depends 
on the activity of sulfur- and iron-oxidizing pro- 
karyotes to solubilize the mineral pyrite (FeS,) to 
H.SO, and Fe**, during which protons and other 
metals trapped within the pyrite matrix are re- 
leased. Biohydrometallurgic suspensions have ex- 
treme physicochemical characteristics, sometimes 
with negative pH values, and metal and sulfate 
concentrations between 10 and 100 g liter? (32). 

Consortia of acidophilic prokaryotes used for 
biohydrometallurgy, mainly belonging to the gen- 
era Acidithiobacillus and Leptospirillum, are 
typically derived from natural acid rock drainage 
environments, such as the Tinto river in Spain, 
or from spontaneous enrichments derived from 
mine drainage. These acidophiles can grow at 
extremely low pH and high metal concentrations. 
Although growth at low pH has some advantages 
for cellular energy conservation because it builds 
aspontaneous pH gradient for the proton motive 
force across the cytoplasmic membrane, the pro- 
tons still have to be neutralized within the cyto- 
plasm. Some extreme acidophiles prevent ingress 
of protons by importing K* ions, which inverts 
the membrane potential (positive inside). They 
can also have highly impermeable membranes 
owing to the presence of tetraether lipids and 
specific membrane transporters, such as anti- 
porters, symporters, H*-adenosine triphospha- 
tases (ATPases), or metal-transporting P-type 
ATPases, which remove excess protons and 
metal ions from the cytoplasm. Additionally, 
specific chaperones have been reported in aci- 
dophilic bacteria that stabilize DNA and pro- 
teins, which would otherwise be damaged by 
the low pH (33). 
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Metal leachates from mines are highly prob- 
lematic because of their low pH, high sulfate, and 
high dissolved metal content. Sulfate-reducing 
bacteria (SRB) release sulfide, which will in- 
crease the pH and will react with the dissolved 
metal ions to precipitate in the form of poorly 
soluble metal sulfides. Stimulation of sulfido- 
genic activity has been tested in pilot-scale treat- 
ment of metal leachate from the zinc smelter 
Nyrstar in the Netherlands, and also for leachates 
from the gold mine Pueblo Viejo in the Dominican 
Republic. Both applications, however, required 
prior neutralization of the leachates before bio- 
logical treatment. Nevertheless, acid- and metallo- 
tolerant SRB, such as Deswlfosporosinus acididurans 
(34), have been isolated from low-pH environ- 
ments and successfully deployed for initial bio- 
logical leachate neutralization and subsequent 
metal detoxification in laboratory-scale reac- 
tors (35). The prior growth of acidophilic SRB 
in pH-controlled reactors may further improve 
the biological recovery of precipitated metallic 
sulphides and allow potential reuse in indus- 
trial processes (36). 


Resistance to antibiotics and 
nonantibiotic biocides 


Application of antibiotics and nonantibiotic bio- 
cides has increased dramatically in recent decades 
and has resulted in widespread selection of re- 
sistant or tolerant mutants. Resistance to anti- 
biotics by the selection of RND efflux pump 
mechanisms can provide cross-resistance to a 
wide range of other adverse conditions and com- 
pounds. Hence, antibiotic resistance also frequent- 
ly co-occurs with resistance to biocides and 


heavy metals. This results from the colocalization 


18 May 2018 


orinated solvents. [Reprinted by permission from S 


pringer Nature, (22).] 


and/or comigration of genes conferring multiple 
resistance mechanisms (37, 38). Antibiotic resist- 
ance genes occur in microbes in natural environ- 
ments without obvious anthropogenic exposure 
to antibiotics. This indicates that they confer 
additional biological advantages (39), such as 
resistance to other environmental stressors or 
to interspecies competition strategies, and meta- 
bolism of toxic compounds structurally similar to 
antibiotics. Several previously unknown dioxy- 
genases have been retrieved from soil metage- 
nomic libraries screened for resistance against 
B-lactam antibiotics (40). These enzymes were 
also shown to transform other aromatic com- 
pounds (40). Some microbes can use these anti- 
biotics as substrates for growth, although the 
mechanistic basis for this antibiotic subsistence 
has not been identified unequivocally (4). 
Nonantibiotic biocides can also select for pro- 
liferation of resistant microorganisms capable of 
their biotransformation, as has been shown for a 
river sediment microbial community degrading 
benzalkonium chlorides (42). Strains of Pseudomonas 
putida and Alcaligenes xylosoxidans—which are 
capable of resisting high levels of the polychlorin- 
ated antimicrobial triclosan and using it as a 
sole carbon source—have been isolated from soil 
(43). Biocide resistance could potentially be put 
to good use—for instance, for biocides removal 
from the filters of drinking water treatment plants 
(DWTPs). However, success has been limited so 
far. Augmentation of Aminobacter sp. MSH1 to 
sand filters in recent pilot-scale studies of DWTPs 
only temporarily increased 2,6-dichlorobenzamide 
degradation. The loss of activity was attributed 
to starvation of the introduced bacteria because 
the micropollutant concentrations were low, 
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Fig. 3. Bioaugmentation with halophilic microorganisms. A bioaugmented open-air bioreactor 
in northern Oman (Left) just before and (Right) 1 year after seeding, as an example of hypersaline 
oil remediation technology. [Reprinted by permission from Springer Nature, (31).] 


and metabolic competition occurred with more 
abundant assimilable organic carbon in the water 
(44, 45). 


Concluding remarks 


The metabolic and stress-resistance traits that 
emerge in microorganisms in response to toxic 
compounds can be exploited for the bioreme- 
diation of spills of oil and chlorinated solvents, 
dissolution of valuable metals, and treating waste 
streams. However, designing sustainable bio- 
remediation solutions, including those targeted 
at emerging micropollutants, is a major scien- 
tific challenge. The conceptual simplicity of bio- 
augmentation and attractiveness is deceptive, 
especially for single microbial strains (44-46). 
Microbiologists still have very little knowledge of 
the traits and conditions that need to be met to 
allow survival and population growth of non- 
native microbes introduced into foreign ecosys- 
tems. The few studies that have measured the 
metabolic activities of inoculated bacterial strains 
in complex ecosystems have unveiled how diver- 
gent the biochemistry becomes in field conditions 
compared with the laboratory (47, 48). Trans- 
poson library selection and sequencing have 
further shown just how many specific traits 
determine survival and proliferation in, for ex- 
ample, soil compared with the well-controlled 
conditions in the laboratory (49). Detailed ex- 
periments will be crucial for unraveling stress 
and resistance responses in inoculated strains 
and consortia and will be necessary to under- 
stand how productive metabolic traits can be 
deployed in order to functionally complement 
and restore contaminated ecosystems. 


Genomic and allied technologies will permit 
better characterization of the prevailing resident 
microbial community in contaminated sites and 
inform community composition, xenometabolic 
potential, and adaptive capacity to adverse con- 
ditions. Meta-omic site diagnosis will provide in- 
puts for advanced biogeochemical models (50, 57). 
Such insights could be applied to diagnosing 
microbial communities for xenometabolic func- 
tion at contaminated sites and for forecasting the 
success of specific measures, such as biostimula- 
tion or bioaugmentation, for accelerated biore- 
mediation. Models could be expanded to address 
the potential roles of protozoan grazers and 
phage parasites that regulate microbial pop- 
ulations. For example, although phages can 
infect and eradicate populations of key detoxifier 
strains (52), they can also facilitate horizontal 
distribution of genes essential for bioremedia- 
tion and as such promote degradation capacity. 
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IN SCIENCE JOURNALS 


PROTECTED AREAS 


Edited by Caroline Ash 


Protected yet pressured 


rotected areas are increasingly recognized as an essential way to safe- 

guard biodiversity. Although the percentage of land included in the global 

protected area network has increased from 9 to 15%, Jones et al. found 

that a third of this area is influenced by intensive human activity. Thus, even 

landscapes that are protected are experiencing some human pressure, with 
only the most remote northern regions remaining almost untouched. —SNV 


Science, this issue p. 788 


INFECTIOUS DISEASES 
Mycobacteria and 
metabolism 


Since the discovery of 
Mycobacterium tuberculosis 
more than a century ago, great 
progress has been made in 
defining mechanisms of host 
resistance to tuberculosis (TB). 
In contrast, our understanding 
of how 90 to 95% of infected 
individuals live with chronic TB is 
extremely limited. Tzelepis et al. 
examined the role of mitochon- 
drial matrix protein cyclophilin 
D (CypD) inT cells by using a 
mouse model of M. tubercu- 
losis infection. CypD-deficient 
mice were more susceptible 

to infection, despite enhanced 
M. tuberculosis—specific T cell 
responses. Specific T cells 
apparently had no impact on 
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curbing bacterial loads but did 
substantially increase lung immu- 
nopathology. —CNF 

Sci. Immunol. 3, eaar4135 (2018). 


THERMOELECTRICS 


SnSe doped 
a different way 


Heat can be converted into 
electricity by thermoelectric 
materials. Such materials are 
promising for use in solid-state 
cooling devices. A challenge for 
developing efficient thermoelec- 
tric materials is to ensure high 
electrical but low thermal con- 
ductivity. Chang et al. found that 
bromine doping of tin selenide 
(SnSe) does just this by main- 
taining low thermal conductivity 
in the out-of-plane direction of 
this layered material. The result is 


: @% B= 
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Thermometry probe 
to measure hot electrons 


Weng et al., p. 775 


a promising n-type thermoelec- 
tric material with electrons as the 
charge carriers—an important 
step for developing thermoelec- 
tric devices from SnSe. —BG 
Science, this issue p. 778 


ELECTROCHEMISTRY 
Avery basic pathway from 
CO, to ethylene 


Ethylene is an important com- 
modity chemical for plastics. It is 
considered a tractable target for 
synthesizing renewable resources 
from carbon dioxide (CO,). The 
challenge is that the performance 
of the copper electrocatalysts 
used for this conversion under 
the required basic reaction condi- 
tions suffers from the competing 
reaction of CO, with the base 

to form bicarbonate. Dinh et al. 


Published by AAAS 


SS 


Visitors crowd the 
hydrothermal sites in 
the world’s first national 
park, Yellowstone. 


designed an electrode that toler- 
ates the base by optimizing CO, 
diffusion to the catalytic sites 
(see the Perspective by Ager 
and Lapkin). This catalyst design 
delivers 70% efficiency for 150 
hours. —JSY 

Science, this issue p. 783; 

see also p. 707 


CLIMATE CHANGE 
One and a half degrees 
on biodiversity 


Insects are the most diverse 
group of animals on Earth and 
are ubiquitous in terrestrial food 
webs. We have little information 
about their fate in a changing 
climate; data are scant for 
insects compared with other 
groups of organisms. Warren 

et al. performed a global-scale 


sciencemag.org SCIENCE 
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analysis of the effects of climate 
change on insect distribution 
(see the Perspective by Midgley). 
For vertebrates and plants, the 
number of species losing more 
than half their geographic range 
by 2100 is halved when warming 
is limited to 1.5°C, compared with 
projected losses at 2°C. But for 
insects, the number is reduced by 
two-thirds. -AMS 

Science, this issue p. 791; 

see also p. 714 


MICROBIOTA 
Benign colonization 
of the gut 


Microbial communities in the gut 
can be highly individual. What 
engenders this specificity? The 
gut characteristically produces 
gram quantities of immuno- 
globulin A (IgA) antibody, which is 
presumed to protect the gut from 
pathogen attack. Donaldson et al. 
engineered strains of Bacteroides 
fragilis, acommon human com- 
mensal, to modify its surface 
capsule, which affects its ability 
to colonize the germ-free mouse 
gut. Capsule changes altered 

the capacity of IgA to bind to the 
different mutants. It seems that 
this commensal species exploits 
IgA sticking power specifically to 
give it a competitive edge and to 
promote its establishment in the 
gut. —CA 


Science, this issue p. 795 


GENE REGULATION 
Profiling transcription— 
a SLAM dunk 


Identification of the direct target 
genes of transcription factors 
could shed light on how healthy 
cells become malignant. Muhar 
et al. applied a modified version 
of a transcript-mapping method 
called SLAM-seq to identify 

the target genes of two tran- 
scriptional regulators of major 
interest in cancer research (see 
the Perspective by Sabo and 
Amati). The MYC oncoprotein 
selectively activates transcrip- 
tion of just a few genes, primarily 
those involved in basic cell 
metabolism. In contrast, BRD4, a 
bromodomain-containing protein 


SCIENCE sciencemag.org 


that is being targeted for cancer 
therapy, activates transcription of 
many genes. —PAK 
Science, this issue p. 800; 
see also p. 713 


SOCIAL SCIENCES 
Incentives drive 
disclosure 


Some scientists disclose their 
research results before publica- 
tion, but many others do not. 
What factors explain such differ- 
ences? Thursby et al. analyzed 
survey responses and publication 
data from 7103 active faculty 
researchers in the United States, 
Germany, and Switzerland across 
nine scientific fields. Perceived 
norms, competition, and com- 
mercial orientation explain 70% 
of disclosure variation across 
fields. Results were disclosed 
before publication by 67.2% of 
respondents, largely to solicit 
feedback, but sometimes to 
attract collaborators. Engineers 
and computer scientists, for 
whom commercial interests are 
important, were the least likely 
to disclose, whereas social scien- 
tists and mathematicians were 
the most likely. —PJB 

Sci. Adv. 10.1126/sciadv.aar2133 

(2018). 


QUANTUM MATERIALS 
Better performance 
under stress 


Engineering stress or strain 
into materials can improve their 
performance. Adding mechani- 
cal stress to silicon chips, for 
instance, produces transistors 
with enhanced electron mobility. 
Ghadimi et al. explore the possi- 
bility of enhancing the vibrational 
properties of a micromechanical 
oscillator by engineering stress 
within the structure (see the 
Perspective by Eichler). By care- 
ful design of the micromechanical 
oscillator, and by building in 
associated stresses, exceptional 
vibrational properties can be pro- 
duced. Such enhanced oscillators 
could be used as exquisite force 
sensors. —|SO 

Science, this issue p. 764; 

see also p. 706 


IN OTHER JOURNALS 


Specialist plant 
cells contain gravity 
sensors to guide 
upright growth. 


PLANT SCIENCE 


Edited by Caroline Ash 
and Jesse Smith 


Plants work out which way is up 


ravity-sensing cells in plants contain tiny grains of 

starch called statoliths. The orientation of the statoliths 

changes with the plant's orientation. The gravity- 

sensing cells respond to even the slightest tilt off of 

the established plane. Plant statoliths seem to evade 
the rules of physics that govern other granular materials. In 
live-cell imaging of young wheat shoots, Bérut et al. observed 
that statolith piles behave more like slowly creeping liquids 
than like granular accumulations. The reason is that the indi- 
vidual statoliths are always jiggling around, perhaps because 
of interactions with the plant cytoskeleton. —PJH 


Proc. Natl. Acad. Sci. U.S.A. 10.1073/pnas.1801895115 (2018). 


CIRCADIAN REGULATION 
Timing metabolism in 
human muscle 


Circadian rhythms are driven by 
intrinsic biological clocks that 
regulate and coordinate activity 
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and metabolism. Skeletal 
muscle is fueled by glucose, but 
if glucose sensing by the skel- 
etal muscle clock is disrupted, 
metabolic disease can result. 
Perrin et al. used genome- 

wide transcription analysis to 
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OCEANS 


Access to oxygen minimum zones 


eoxygenation of the oceans is increasing alarmingly. In the absence of 
oxygen, the availability of dissolved nutrients for marine organisms is 
radically changed. Queste et al. recently succeeded in collecting data 
from one of the most intense marine oxygen minimum zones, located in 
the Arabian Sea. Research in this region has been limited by the risk from 
piracy and other geopolitical tensions. Hence, the authors deployed remote- 
controlled submarines called Seagliders in the Gulf of Oman to take oxygen 
measurements. The results show a startling decline in oxygen concentrations 
before the last direct measurements from about 20 years ago. These new data 
can be used to fill a key gap in Earth systems models. —CA 


Geophys. Res. Lett. 10.1029/2017GL076666 (2018). 


Remote-controlled submarines have supplied up-to-date oxygen data for the Gulf of Oman. 


investigate clock-controlled cir- 
cadian transcription in skeletal 
muscle and myotubes in vitro. 
Human biopsy samples exhib- 
ited rhythmic transcription, 
which occurred in two phases: 
Immune response genes were 
transcribed early in the day, 
whereas muscle contraction 
genes were expressed in the 
afternoon. In the absence of a 
fully functional clock, expres- 
sion patterns of genes related 
to insulin response, myokine 
secretion, and lipid metabolism 
were strongly affected. —BAP 


eLife 10.7/554/eLife.34114 (2018). 


Tunable on-chip optical 
beam splitter 


Integrated optical approaches 
potentially offer a robust and 
compact platform to develop 
quantum-enhanced sensing 
and metrology technology. 
Bishop et al. describe an on- 
chip beam splitter in which the 
emission mode can be selected 
by electromechanically tuning 
the coupling of two suspended 
gallium arsenide waveguides. 
Using a quantum dot as a 
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source of single photons 
pumped into the input arm of 
the waveguide, they show that 
the output port for the emitted 
photons can be selected by 
applying a small actuation volt- 
age. Being compact, versatile, 
and scalable, the technique 
can be applied to tune other 
optical components, provid- 
ing a powerful platform for the 
fabrication of on-chip quantum 
optical circuits. —ISO 


Opt. Lett. 43, 2142 (2018). 


Watching magnetic 
atoms thermalize 


A multiparticle system dis- 
placed from its equilibrium 
state usually goes back to 
equilibrium in short order. 
Some systems, such as one- 
dimensional (1D) quantum 
gases, thermalize very slowly, 
first reaching an intermediate 
prethermalized state. To study 
how the prethermalized state 
evolves toward equilibrium, 
Tang et al. used ultracold dys- 
prosium atoms arranged along 
hundreds of parallel 1D tubes. 
The atoms, which have high 


magnetic moments, interacted 
with other atoms in the same 
tube and with those in other 
tubes. The researchers found 
that both processes affected 
the dynamics of the system, 
which were nearly exponential 
after an initial prethermaliza- 
tion phase. —JS 


Phys. Rev. X 8, 021030 (2018). 


A pause in progress on 
air pollution 


Air pollution regulations in 
the United States have led to 
dramatic improvements in air 
quality over the past several 
decades. It therefore is dis- 
couraging to learn, as Jiang et 
al. report, that the reduction of 
nitrogen oxide and carbon mon- 
oxide emissions slowed sharply 
between 2011 and 2015. This is 
important because controlling 
these species is necessary for 
reducing tropospheric ozone 
pollution. A variety of factors 
likely caused this slowing of 
pollution reduction, including 
growing industrial contributions 
and a variety of vehicle-related 
trends. Improved satellite and 


Published by AAAS 


model inversion technologies 
would help monitor changes in 
pollutant emissions and more 
precisely identify their sources. 
—HJS 
Proc. Natl. Acad. Sci. U.S.A. 10.1073/ 
pnas.1801191115 (2018). 


Heating up suppresses 
appetite 


Exercise can transiently 
suppress appetite, and it 
also makes you hot. Jeong 
et al. investigated whether 
loss of appetite is caused by 
increased body temperature. 
Hypothalamic neurons that 
express proopiomelanocortin 
control food intake. In mice, 
these neurons express a ther- 
moreceptor called transient 
receptor potential vanilloid 
1(TRPV1). TRPVIs are acti- 
vated when exercise increases 
physiological temperature, sup- 
pressing appetite. So, the heat 
of the moment directly medi- 
ates appetite, without invoking 
canonical nutrient-hormone 
pathways. —GKA 

PLOS Biol. 10.1371/journal. 

pbio0.2004399 (2018). 


sciencemag.org SCIENCE 


PHOTO: LLOYD CLUFF/GETTY IMAGES 


RESEARCH 


ALSO IN SCIENCE JOURNALS eaeedilial 


NEPHROLOGY 
Touring the kidney, 
cell by cell 


Our kidneys play a critical role 
in keeping us healthy, a fact of 
which we are reminded several 
times each day. This organ’s 
cellular complexity has hindered 
progress in understanding the 
mechanisms underlying chronic 
kidney disease, which affects 
10% of the world’s population. 
Using single-cell transcriptional 
profiling, Park et al. produced a 
comprehensive cell atlas of the 
healthy mouse kidney (see the 
Perspective by Humphreys). 
An unexpected cell type in the 
collecting duct appears to be a 
transitional state between two 
known cell types. The transition 
from one cell type to the other is 
regulated by the Notch signaling 
pathway and is associated with 
metabolic acidosis. The authors 
also find that genetically distinct 
kidney diseases with common 
clinical features share common 
cellular origins. —PAK 

Science, this issue p. 758; 

see also p. 709 


BIOCHEMISTRY 
Aselective autophagy 
receptor identified 


Autophagosomes engulf and 
degrade cellular components 

in lysosomes. Degradation of 
ribosomes is called ribophagy 
and is an important source 

of nutrients. Using a recently 
reported method to isolate lyso- 
somes, Wyant et al. profiled the 
dynamics of the lysosomal pro- 
teome under different nutrient 
conditions (see the Perspective 
by Nofal and Rabinowitz). The 
protein NUFIP1 is an autophagy 
receptor for ribosomes during 
starvation-induced ribophagy. 
NUFIP1 shuttles out of the 
nucleus and targets its ribosome 
cargo directly by binding to an 
autophagosome protein. Loss of 
NUFIP1 means failure to provide 
sufficient nucleotides during 
starvation and, therefore, loss of 
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cells under low nutrient condi- 
tions. —SYM 
Science, this issue p. 751; 
see also p. 710 


LIQUID CRYSTALS 
Finding order 
in twos 


In nematic liquid crystals, the 
local orientation of the mol- 
ecules hovers around an average 
direction. The orientational 
control bestows unusual optical 
properties. In theory, with the 
right sort of two-dimensional 
shape, it should be possible to 
create nematics with biaxial 
ordering, but this has proven 
elusive. Mundoor et al. dispersed 
colloidal rods into a nematic 
solvent (see the Perspective by 
Poulin). Within a range of tem- 
perature and concentration, the 
rods ordered orthogonally to the 
solvent molecules, thus giving 
the mixture the type of proper- 
ties that one would expect from 
a biaxial liquid crystal. -MSL 
Science, this issue p. 768; 
see also p. 712 


INORGANIC MATERIALS 


Plastic in the dark 


Inorganic semiconductors, such 
as silicon and gallium arse- 
nide, are brittle materials. This 
property means that large single 
crystals are cleaved into thin 
sheets. Oshima et al. show that 
zinc sulfide is, in contrast, a plas- 
tic material if deformed in total 
darkness. Plastic deformation is 
likely inhibited when light is pres- 
ent because photoexcited charge 
carriers become trapped at these 
sites and pin them through elec- 
trostatic effects. -PDS 

Science, this issue p. 772 


FATTY LIVER DISEASE 
Fat, microRNAs, 


and liver disease 


Obesity and high-fat diets are 
linked to fatty liver disease. One 
hallmark of disease is repres- 
sion of the cell-stress protein 
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IRElqa. In livers from mice fed a 
high-fat diet and from patients 
with hepatic steatosis, Wang et 
al. found that IREla activity was 
repressed because of a post- 
translational modification called 
S-nitrosylation. The decrease 

in IREle activity enabled the 
biogenesis of microRNAs that 
decreased the levels of enzymes 
involved in lipid metabolism, 
leading to lipid accumulation in 
the liver. —LKF 


Sci. Signal. 11, eaao4617 (2018). 


STROKE 
Stroke therapy 
goes local 


The complement system is 
activated by ischemic stroke to 
promote tissue repair. However, 
long-lasting systemic activation 
causes neurological impair- 
ments. Alawieh et al. show 

that specific local complement 
inhibition reduced cell death 
and inflammation and promoted 
functional recovery ina mouse 
model of stroke. Complement 
was targeted by linking a com- 
plement inhibitor to an antibody 
recognizing neoepitopes locally 
and transiently expressed in 
the ischemic area of the mouse 
brain. The targeted neoepitope 
was overexpressed in the isch- 
emic region of brain tissue from 
stroke patients, indicating that 
the same approach might be 
effective in the clinic. -MM 


Sci. Transl. Med. 10, eaao6459 (2018). 


NANOTHERMOMETRY 
Taking the temperature 
of hot electrons 


As electronic chips become 
smaller, efficient heat dissipation 
becomes a greater challenge. 
Electrons in such devices quickly 
accelerate over small distances, 
becoming “hot"”—that is, out of 
equilibrium with the rest of the 
system. Weng et al. designed a 
thermometry probe that mea- 
sures the effective temperature 
of hot electrons with a spatial 


Published by AAAS 


resolution of about 50 nanome- 
ters. The method is based on the 
optical measurement of current 
noise and provides a glimpse 
into where heat is naturally dis- 
sipated in a working device. —JS 
Science, this issue p. 775 
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BIOCHEMISTRY 


NUFIP1 is a ribosome receptor for 
starvation-induced ribophagy 


Gregory A. Wyant,»”’?*** Monther Abu-Remaileh,’”*** Evgeni M. Frenkel,””**** 
Nouf N. Laqtom,””**** Vimisha Dharamdasani,””** Caroline A. Lewis,’ Sze Ham Chan," 
Ivonne Heinze,” Alessandro Ori,*+ David M. Sabatini®?***+ 


The lysosome degrades and recycles macromolecules, signals to the master growth regulator 
mTORC1 [mechanistic target of rapamycin (mTOR) complex 1], and is associated with human 
disease. We performed quantitative proteomic analyses of rapidly isolated lysosomes and found 
that nutrient levels and mTOR dynamically modulate the lysosomal proteome. Upon mTORC1 
inhibition, NUFIP1 (nuclear fragile X mental retardation—interacting protein 1) redistributes from 
the nucleus to autophagosomes and lysosomes. Upon these conditions, NUFIP1 interacts with 
ribosomes and delivers them to autophagosomes by directly binding to microtubule-associated 
proteins 1A/1B light chain 3B (LC3B). The starvation-induced degradation of ribosomes via 
autophagy (ribophagy) depends on the capacity of NUFIP1 to bind LC3B and promotes cell 
survival. We propose that NUFIP1 is a receptor for the selective autophagy of ribosomes. 


he capacity of lysosomes to degrade macro- 

molecules is necessary for cells to clear 

damaged components and to recycle nu- 

trients for maintaining homeostasis upon 

starvation. In the context of disease, ly- 
sosomes are best known for their dysfunction 
in the rare lysosomal storage diseases, but also 
play roles in neurodegeneration and cancer as 
well as the aging process [reviewed in (J-3)]. 
Over the past decade, it has become apparent 
that mTOR complex 1 (mTORC1), the major 
nutrient-sensitive regulator of growth (mass accu- 
mulation), has an intimate relationship with lyso- 
somes [reviewed in (4)]. Most components of the 
nutrient-sensing machinery upstream of mTORC1 
localize to the lysosomal surface, and nutrients 
generated by lysosomes regulate mTORCI by pro- 
moting its translocation there—a key step in its 
activation. In turn, mTORCI regulates the flux 
of macromolecules destined for lysosomal deg- 
radation by controlling autophagosome forma- 
tion as well as lysosomal biogenesis through the 
TFEB transcription factor (4). 

Using our recently developed LysoIP method 
to rapidly isolate highly pure lysosomes (5), we 
profiled the dynamics of the lysosomal proteome 
under conditions that inhibit mTORC1 signaling. 
We identify NUFIP1, a protein not previously as- 
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sociated with lysosomes, as necessary for the 
starvation-induced degradation of ribosomes and 
show that it fulfills multiple criteria for being an 
autophagy receptor for ribosomes. 


mTORC1 and nutrients regulate the 
lysosomal proteome 


To define the mTORC1-regulated lysosomal pro- 
teome, we used high-resolution quantitative 
proteomics to analyze lysosomes isolated from 
human embryonic kidney (HEK) 2938T cells cul- 
tured in nutrient-replete media (full media), 
starved of nutrients (amino acids and glucose), 
or treated with the mTOR inhibitor Torin! for 
1 hour (Fig. 1A and fig. SIA). Nutrient starvation 
and Torin1 both inhibited mTORC1 signaling (fig. 
S1A) but had distinct effects, because Torin 
inhibits mTORC1 more strongly than nutrient 
deprivation and because there are mTORCI- 
independent mechanisms for sensing nutrients. 
Nutrient starvation and Torini had no impact on 
the abundance of most proteins associated with 
the purified lysosomes, but even a cursory view 
of the data sets revealed many proteins affected 
by one or both treatments (Fig. 1B). Gratifyingly, 
these included proteins with established nutrient- 
and Torin1-sensitive associations with lysosomes 
(6-1), including components of mTORCI1 (mTOR, 
Raptor, and mLST8) and the folliculin complex 
(FLCN, FNIP1, and FNIP2) (Fig. 1, B and C) as 
well as the TFEB, MITF, and TFE3 transcrip- 
tion factors (Fig. 1B). Proteins previously con- 
nected to lysosomes but not known to have 
regulated associations with them were also iden- 
tified. For example, Torin1 decreased and amino 
acid starvation increased the lysosomal abun- 
dance of SPG11 and ZFYVE26 (Fig. 1, B and C, 
and table S1), which are associated with hered- 
itary spastic paraplegia and interact with each 
other as well as the Adaptor-5 complex (72, 13), 


whose components (AP5B1, AP5M1, AP5S1, and 
AP5Z1) behaved similarly in the data sets (table 
S1) (73). 

Although these examples hinted at the utility 
of the proteomics data for discovery, we needed a 
way to a priori designate a protein as associated 
with lysosomes upon mTOR inhibition and/or 
nutrient deprivation; no set of such proteins had 
been previously defined. To do so, we generated 
a control data set of proteins that bind nonspe- 
cifically to magnetic beads coated with antibody 
to hemagglutinin (HA), used in the immune- 
isolation of the lysosomes. We defined as “lyso- 
somal” any protein that was more abundant in 
purified lysosomes than on the control beads by 
a factor of at least 1.5 (at a significance value of 
q< 0.1; Fig. 1, A and D). We arrived at this value 
using a sliding-window method to identify a rel- 
ative change that captured a protein set signifi- 
cantly enriched for those annotated as lysosomal 
in the UniProt database (fig. S1B). This approach 
yielded a total of 828 unique proteins that as- 
sociated with lysosomes in any of the three ex- 
perimental conditions (Fig. 1D), with 343 proteins 
designated as lysosomal under all conditions (Fig. 
1D and table S2). 


NUFIP1-ZNHIT3 accumulates on 
autophagosomes and lysosomes upon 
mTORC1 inhibition 


Of the many proteins whose lysosomal abundance 
increased upon Torin! treatment (table $1), nuclear 
fragile X mental retardation-interacting protein 
1(NUFIP1) piqued our interest because previous 
work indicated that although NUFIP1 is largely a 
nuclear protein, it has also been observed in the 
cytoplasm of some cell types (4). NUFIP1 forms 
a heterodimer with a smaller protein, zinc finger 
HIT domain-containing protein 3 (ZNHIT3) 
(15, 16), whose lysosomal abundance also in- 
creased upon Torin! treatment (table S1), albeit 
to a lesser extent. Similar to the behavior of many 
constitutively interacting proteins, CRISPR/Cas9- 
mediated loss of NUFIP1 caused the concomi- 
tant loss of ZNHITS (fig. S2A). 

Previous work implicated NUFIP1-ZNHIT3 
in the assembly of the box C/D small nucleolar 
ribonucleoprotein (SnoRNP) (17-19). Consistent 
with such a role, NUFIP1 coimmunoprecipitated 
not only ZNHIT3 but also snoRNP core compo- 
nents such as fibrillarin (FBL), NOP58, SNU13/ 
15.5K, and NOP17/PIHI1D1 (fig. S2B). In addition, 
its loss caused modest reductions in the interac- 
tion of FBL with NOP58 and SNUI13/15.5K as 
well as the expression of small nucleolar RNAs 
(snoRNAs) of the box C/D (U3 and U14), but not 
H/ACA (U19) or U4, class (fig. S2, C and D). 
Although these results confirm a role for NUFIP1 
in the function of the box C/D snoRNP, none of 
its core components were in our proteomics 
data; this suggested that NUFIP1-ZNHIT3 might 
have a previously unappreciated role involving 
lysosomes. 

Acute inhibition of mTORC1 in HEK-293T 
cells, by either Torin1 treatment or amino acid 
starvation, strongly increased the lysosomal abun- 
dance of NUFIP1 and ZNHIT3 (Fig. 2A). mTORC1 
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inhibition did not change the total cellular amount 
of NUFIP1 or ZNHIT3, so we reasoned that it 
must affect their subcellular localization. Indeed, 
upon Torin1 treatment and amino acid starva- 
tion, NUFIP1-ZNHIT3, but not SNUI13/15.5K, 
redistributed from the nuclear fraction to the 
postnuclear supernatant, which contains lysosomes 
(Fig. 2B). Imaging studies using HEK-293T cells 
stably expressing FLAG-NUFIP1 confirmed that 
Torin1 caused NUFIP!1 to translocate from the 
nucleus to LAMP2-positive lysosomes (Fig. 2C). 
Consistent with this shift in localization, Torin1 
reduced the amount of NUFIP1-ZNHIT3 that co- 
immunoprecipitated with FBL, a C/D snoRNP 
component, without affecting the FBL-SNU13/ 
15.5K interaction (fig. S2E). Thus, mTOR inhibi- 
tion promotes the lysosomal accumulation of 
NUFIP1-ZNHIT3 at the expense of its interaction 
with the nuclear C/D snoRNP. 

Because mTORC1 inhibition strongly induces 
autophagy, we hypothesized that NUFIP1-ZNHIT3 
may travel to lysosomes through an association 
with incipient autophagosomes. Indeed, NUFIP1 
and ZNHIT3 were absent from lysosomes iso- 
lated from cells lacking the ATG7 protein (Fig. 
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2D), which is necessary for the formation of 
autophagosomes (20), and in Torin1-treated cells 
FLAG-NUFIPI colocalized with LC3B-positive auto- 
phagosomes (Fig. 2E). 


NUFIP1-ZNHIT3 interacts with LC3B 


Sequence analyses predicted that NUFIP1, but 
not ZNHIT3, has four potential LC3B-interacting 
regions (LIRs) (Fig. 2F). LIRs are found in auto- 
phagy receptors that physically link their cargo 
to the autophagosomal membrane through an 
LC3B/ATG8-binding domain that contains the 
Trp/Phe-X-X-Leu/Tle/Val sequence motif [reviewed 
in (2D). Consistent with the presence of LIRs in 
NUFIP1, endogenous LC3B coimmunoprecipitated 
endogenous NUFIP1 and ZNHIT3 from detergent 
lysates of HEK-293T cells cultured in full media 
and, to a much greater extent, in cells treated with 
Torin1 or starved of amino acids (Fig. 2G). Even 
when overexpressed, ZNHIT3 did not coimmuno- 
precipitate with LC3B in cells lacking NUFIP1 
(fig. S3A). In vitro, purified NUFIP1-ZNHIT3 bound 
to purified LC3B but not to GABARAP, another 
autophagosome-associated protein, or to the Rap2A 
control protein (Fig. 2H). 


LysoIP 
——> 


LC-MS/MS 


= 
7 


Lysosomes Control 


We sought a NUFIP1 mutant that dissociates 
its function in the nuclear C/D snoRNP from its 
capacity to bind LC3B. We generated NUFIP1 
mutants with point mutations in each of the four 
potential LIRs and identified one, Trp*° > Ala 
(W40A) NUFIP1, that no longer interacted with 
LC3B (Fig. 21). When expressed in NUFIPI-null 
cells, neither W40A NUFIP1 nor ZNHIT3 asso- 
ciated with lysosomes, whether or not mTORC1 
was inhibited (fig. S3B). The W40A NUFIP1 mu- 
tant was indistinguishable from the wild-type 
protein in its capacity to coimmunoprecipitate 
FBL and reverse the modest reductions in U3 
and U14 snoRNA expression caused by NUFIP1 
loss (fig. S3, C and D). Thus, NUFIP1 interacts 
with LC3B, and the W40A mutant distinguishes 
between the role of NUFIP1 in C/D snoRNP func- 
tion and its capacity to bind LC3B and localize to 
lysosomes. 


NUFIP1-ZNHITS3 associates with 
ribosomes in a nutrient-dependent 
manner 


Because NUFIP1 binds to LC3B, we hypothesized 
that it might serve as a selective autophagy 
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Fig. 1. Regulation of the lysosomal proteome in response to nutrient 
starvation and mTOR inhibition. (A) Schematic depicting the workflow for 
the LysolP proteomics method. HA-Lyso and Control-Lyso cells refer to cells 
stably expressing 3xHA-tagged TMEM192 or 2xFLAG-tagged TMEM192, 
respectively. (B) Nutrient starvation and mTOR inhibition regulate the 
lysosomal proteome. The scatterplot shows relative (fold) changes in protein 
abundances in lysosomes captured from the HA-Lyso cells starved for 1 hour 
of nutrients (amino acids and glucose) or treated for 1 hour with 250 nM 
Torinl versus lysosomes from cells cultured in nutrient-replete media (full 
media). For each condition, three independent isolations were compared. 
Colors indicate proteins mentioned in the text. The dots denote the 5339 
unique proteins detected among all the prefiltered samples. The majority of 
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these are in the immunoprecipitates from both the HA-Lyso and Control-Lyso 
cells. TFEB was detected only in the Torin1—full media comparison and was 
arbitrarily assigned a fold change value of O in the starved—full media 
comparison. (C) Validation of changes observed in the lysosomal abundances 
of some of the proteins highlighted in Fig. 1B. The immunoblot shows 
analyses for the indicated proteins in whole-cell lysates or lysosomes purified 
from HEK-293T cells subjected to the indicated treatments for 1 hour. ER, 
endoplasmic reticulum. (D) Venn diagram representation of the number of 
proteins defined as lysosomal in each of the three conditions. A protein was 
deemed lysosomal if it had a significant (q < 0.1) enrichment by a factor 

of at least 1.5 (>0.58, logs). Proteins not detected at all on the control beads 
were also classified as lysosomal. 
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receptor for an unknown cargo in the cytoplasm. 
Given its role in modifying ribosomal RNA and 
its reported colocalization with ribosomes in 
some cell types (74), we considered the possibility 
that NUFIP1-ZNHIT3 can associate with ribo- 
somes. We began by fractionating cell lysates to 
determine the amount of NUFIP1-ZNHIT3 that 


comigrates with ribosomes pelleted through a 
50% sucrose cushion. In lysates from control cells, 
NUFIPI-ZNHIT3 did not enter the sucrose cushion, 
whereas in lysates from cells treated with Torin1 
or deprived of amino acids, both proteins shifted 
markedly to the ribosome-containing pellet (Fig. 3A. 
and fig. S4A). Consistent with this finding, amino 


acid starvation increased the amount of ribo- 
somes, as monitored via small (40S) and large 
(60S) ribosomal subunit proteins, that coimmuno- 
precipitated with NUFIP1 (Fig. 3B). To probe 
which ribosomal subunit NUFIP1-ZNHIT3 might 
associate with, we took advantage of the capacity 
of EDTA to dissociate ribosomes into their 40S 
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Torinl for 1 hour, and amounts of endogenous NUFIP1 and 


ZNHIT3 were analyzed by immunoblotting. RagA and LAMP1 are 
lysosome-associated proteins; histone H3 and SNU13 are nuclear. 

(C) mTOR inhibition shifts NUFIP1 from the nucleus to LAMP1-positive 
lysosomes. HEK-293T cells stably expressing FLAG-NUFIP1 were treated 
with 250 nM Torinl for 1 hour and analyzed as described in the 
supplementary materials. Scale bar, 10 um. (D) Loss of ATG7 greatly 
decreases the amount of NUFIP1-ZNHIT3 on lysosomes. Wild-type and 
ATG7-null HEK-293T cells stably expressing the HA-Lyso tag were deprived 
of amino acids or treated with 250 nM Torinl for 1 hour, and the amounts 
of NUFIP1 and ZNHIT3 on lysosomes and in total cell lysates were 
analyzed as in (A). (E) mTOR inhibition shifts NUFIP1 from the nucleus to 
LC3B-positive puncta. HEK-293T cells stably expressing FLAG-NUFIP1 
were treated with 250 nM Torinl for 1 hour and processed as in (C). 

(F) Schematic depicting the localization of the four putative LC3B-binding 
regions (LIRs) in NUFIP1. (G@) mTORCI1 inhibition increases the interaction 


Wyant et al., Science 360, 751-758 (2018) 18 May 2018 


between endogenous LC3B and NUFIP1-ZNHIT3. Anti-LC3B immunoprecipi- 
tates were prepared from HEK-293T cells deprived of amino acids or treated 
with 250 nM Torin1 for 1 hour, and lysates and immunoprecipitates were 
analyzed for the indicated proteins. Immunoprecipitates prepared with an 
antibody to GSKb were used as negative controls. (H) NUFIP1-ZNHIT3 
interacts with LC3B in vitro. Purified HA-GST-LC3B immobilized on a 
glutathione affinity resin was incubated with the purified FLAG-NUFIP1—HA- 
ZNHIT3 complex. HA-GST-Rap2a and HA-GST-GABARAP were used as 
negative controls. Proteins captured in the glutathione resin pull-down were 
analyzed by immunoblotting for the indicated proteins, using antibodies to 
epitope tags. GST, glutathione S-transferase. (I) Identification of a NUFIP1 
mutant that does not bind LC3B. Wild-type (WT) FLAG-NUFIP1 or a series of 
point mutants in its putative LIR motifs were coexpressed with HA-ZNHIT3 
and HA-LC3B. HA-Rap2A was used as a negative control. FLAG immuno- 
precipitates and lysates were prepared and analyzed by immunoblotting. 
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and 60S subunits. When lysates of amino acid- 
starved cells were fractionated through a 10 to 
45% sucrose gradient, endogenous NUFIP1 and 
ZNHIT3 comigrated with monosomes (80S) and 
polysomes. The addition of EDTA to the same 
lysates increased the amount of NUFIP1-ZNHIT3 
that migrated with the large ribosomal subunits 
(fig. S4B). Collectively, these results suggest that 
upon mTORC1 inhibition, NUFIP1 binds to LC3B 
and associates with the ribosome, likely through 
its large subunit. 

Given that mTORC1 inhibition increases the 
interaction of NUFIP1-ZNHIT3 with ribosomes, 
we considered the possibility that an mTORCI- 
dependent modification of either NUFIP1-ZNHIT3 
or ribosomes regulates the interaction. To test this 
idea, we purified ribosomes or NUFIP1-ZNHIT3 
from cells cultured in full media or treated with 
Torin1 and examined their capacity to interact 


with each other in vitro. Interestingly, only ribo- 
somes from Torin1-treated cells bound strongly 
to NUFIPI-ZNHIT3, whereas the source of NUFIP1- 
ZNHIT3 did not affect the strength of the inter- 
action (Fig. 3, C and D). These results suggest 
that mTOR inhibition leads to a stable alteration 
of ribosomes that promotes their interaction 
with NUFIP1-ZNHIT3. In contrast, the in vitro 
interaction of NUFIP1-ZNHIT3 with LC3B was 
unaffected by the source of either (i.e., control or 
Torin1-treated cells) (fig. S4C). Taken together, 
these data suggest that the loss of nuclear NUFIP1 
and the increase in the LC3B-NUFIP1 interaction 
caused by mTORC1 inhibition results from the 
binding and trapping of NUFIP1 by modified 
ribosomes in the cytoplasm. We cannot exclude 
the possibility that an mTORC1-dependent 
modification of NUFIP1 also regulates its nu- 
clear entry or exit, but we have failed to identify 


mTORCt1-regulated phosphorylation sites on 
NUFIPI1. 


NUFIP1 is required for ribosomal 
degradation induced by nutrient 
starvation 


The proteasome is known to degrade ribosomal 
proteins that do not incorporate into ribosomal 
subunits, which we verified (fig. S5, A to C); how- 
ever, the process by which intact ribosomes are 
degraded is less well understood, particularly in 
mammalian cells (22-26). Upon amino acid dep- 
rivation or Torin1 treatment, ribosomal proteins 
decreased in a time-dependent manner in a fash- 
ion that depended on ATG7 and a low lysosomal 
DH (Fig. 4A and fig. S6, A and B), in accord with 
previous work in yeast showing that intact 
ribosomes are degraded via autophagy (27). In 
GATORI mutant (DEPDC5 KO) cells that have 
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Fig. 3. NUFIP1-ZNHITS3 interacts with ribosomes in an mTORC1- 
dependent fashion. (A) mTOR inhibition increases the amount of NUFIP1- 
ZNHIT3 that comigrates with ribosomes. HEK-293T cell lysates prepared 


from cells in full media or treated with 250 nM Torin1 were fractionated over a 
50% sucrose cushion. Fractions were collected and the indicated proteins 
were analyzed by immunoblotting. (B) Amino acid deprivation increases the 
amount of ribosomes that coimmunoprecipitate with NUFIP1. HEK-293T cells 
stably expressing FLAG-NUFIP1 were deprived of amino acid for 1 hour. 
Lysates and FLAG immunoprecipitates were prepared and analyzed for the 
indicated proteins by immunoblotting. FLAG-Rap2A was used as a negative 
control. (C) In vitro, purified NUFIP1-ZNHIT3 binds to ribosomes, and the 
interaction is not affected by whether NUFIP1-ZNHIT3 was obtained from 
cells with inhibited mTOR. The FLAG-NUFIP1—HA-ZNHIT3 complex was 
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purified from HEK-293T cells in full media or treated with 250 nM Torin1 for 
1 hour and immobilized on a FLAG affinity resin. Equal amounts of ribosomes 
obtained from cells in full media were added to the immobilized FLAG-NUFIP1— 
HA-ZNHIT3 complex, and the captured proteins were analyzed by immuno- 
blotting. Ribosomes were purified as described in the supplementary materials. 
Purified HA-METAP was used as a negative control. (D) In vitro, ribosomes 
purified from cells with mTOR inhibition bind better to NUFIP1-ZNHIT3 than 
those from cells in full media. Ribosomes were purified from HEK-293T cells in 
full media conditions or treated with 250 nM Torin1 for 1 hour. The FLAG-NUFIP1— 
HA-ZNHIT3 complex was immobilized on FLAG affinity beads and equal amounts 
of ribosomes were added. Proteins captured by the FLAG affinity beads were 
analyzed by immunoblotting. HA-METAP2 was purified from cells in full media or 
treated with 250 nM Torin1 for 1 hour and served as a negative control. 
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nutrient-insensitive mTORC1 signaling, amino 
acid starvation did not reduce the abundance of 
ribosomal proteins, whereas Torin! still did (fig. 
S6C). Thus, mTORCI likely mediates the loss of 
ribosomal proteins caused by mTOR inhibition. 


Given that NUFIP1 binds LC3B and also 
makes an mTORC1-regulated association with 
ribosomes, we hypothesized that NUFIP1 is 
required for the degradation of ribosomes via 
autophagy, a process that has been termed ribo- 


phagy in yeast (27). Indeed, in multiple cell 
types, loss of NUFIP1 prevented the depletion 
of ribosomal proteins caused by nutrient dep- 
rivation or Torin1 treatment (Fig. 4B and fig. 
S6, D to G). 
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Fig. 4. NUFIP1 is required for ribophagy. (A) ATG7 loss suppresses the 
degradation of ribosomes caused by amino acid starvation. Wild-type or 
ATG7-null HEK-293T cells were deprived of amino acids for the indicated time 
points. Cell lysates were analyzed by immunoblotting for the total levels 

and phosphorylation states of the indicated proteins. (B) Loss of NUFIP1 
inhibits the degradation of ribosomes caused by amino acid starvation. 
Wild-type or NUFIP1-null HEK-293T cells were deprived of amino acids for the 
indicated time points. Cell lysates were analyzed by immunoblotting for the 
total levels and phosphorylation states of the indicated proteins. (C) Loss of 
NUFIP1 inhibits the loss of 28S and 18S rRNA caused by mTOR inhibition. 
Wild-type and NUFIP1-null 8988T cells were treated with 250 nM Torinl for 
10 hours and total RNA was extracted and analyzed on a formaldehyde agarose 
gel. RNA from equal numbers of cells was loaded in each lane. (D) For amino 
acid starvation to cause ribosomal degradation, NUFIP1 must be able to 
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interact with LC3B. Wild-type or NUFIP1-null HEK-293T cells stably expressing 
the indicated proteins were deprived of amino acids for 10 hours and 
analyzed for the total levels and phosphorylation states of the indicated 
proteins. (E) For amino acid starvation to cause ribosomal degradation, 
NUFIP1 must interact with LC3B. Wild-type or NUFIP1-null 8988T cells stably 
expressing the indicated proteins were treated as in (B). (F) Autophago- 
somes from HEK-293T cells lacking NUFIP1 or expressing the LC3B-binding 
W4O0A mutant contain fewer ribosomes than those from control cells. 
NUFIP1-null HEK-293T cells expressing the control protein metap2, NUFIP1, or 
NUFIP1 W4OA were treated with Torinl and concanamycin A for 4 hours 
and analyzed by electron microscopy. Autophagosomes were identified by the 
presence of a double membrane. Red arrowheads indicate ribosomes inside 
an autophagosome. Blue arrowheads indicate ribosomes present in the 
cytoplasm. Scale bar, 500 nm. 
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Loss of NUFIP1 had no impact on the induc- 
tion of autophagy, as assessed by LC3B lipida- 
tion, nor on the degradation of ferritin, another 
selective autophagy substrate, whether it was in- 
duced by nutrient starvation or by iron chelation 


(Fig. 4B and fig. S6H). NUFIP1 loss also blocked 
the Torinl-induced depletion of ribosomal RNA 
(tRNA) (Fig. 4C). Reexpression at levels near that 
of the endogenous protein of wild-type NUFIP1, 
but not of the W40A mutant deficient in LC3B 


binding, restored the capacity of NUFIP1-null 
HEK-293T and 8988T cells to degrade ribosomes 
upon nutrient depletion (Fig. 4, D and E, and fig. 
S6I). As assessed by electron microscopy, auto- 
phagosomes in HEK-298T cells lacking NUFIP1 
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Fig. 5. NUFIP1 is important for cells to survive starvation. (A) Loss of 
NUFIP1 or just its capacity to interact with LC3B impairs cell survival upon 
nutrient starvation. Wild-type or NUFIP1-null 8988T cells stably expressing 
the indicated proteins were deprived of nutrients by culturing them in Hanks’ 
balanced salt solution (HBSS); after the indicated times, the surviving 

cells were stained and imaged. (B) NUFIP1 loss or just its capacity to interact 
with LC3B impairs cell survival upon nutrient starvation. Wild-type or NUFIP1- 
null HEK-298T cells stably expressing the indicated proteins were deprived 
of nutrients by HBSS, and after 48 hours the number of surviving cells 

was quantified by cell counting. Values are normalized relative to cell numbers 
at the start of the starvation period and are mean + SD (*P < 0.05; 

n = 3). (C) Loss of NUFIP1 or ATG7 inhibits the increase in nucleosides caused 
by mTOR inhibition. Data represent relative change in whole-cell concen- 
trations of nucleosides in wild-type, ATG7-null, and NUFIP1-null HEK-293T 
cells treated with 250 nM Torin1 for 1 hour. Values are mean + SEM (*P < 
0.05; n = 3). (D) Nucleoside supplementation rescues the survival defects of 
ATG7-null and NUFIP1-null HEK-293T cells. Indicated cells were deprived of 
nutrients by culturing in HBSS with or without the indicated nucleosides (2 mM 
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each). After 48 hours, the number of surviving cells was quantified. 
Values were normalized relative to cell numbers at the start of the starvation 
period and are mean + SD (*P < 0.05; n = 3). (E) Nucleoside supplementation 
rescues the survival defect of ATG5-null, ATG7-null, and NUFIP1-null 8988T 
cells. Wild-type, ATG5-null, ATG7-null, or NUFIP1-null cells were deprived of 
nutrients by culturing in HBSS with or without the indicated nucleosides 


(2 mM each). After 48 hours, the surviving cells were stained and imaged. 
(F) Ribosomes are highly enriched for arginine and lysine. Protein sequences 


in the UniProt database (includ 


ing isoforms) were ranked according to their 


fraction content of arginine and lysine (RK). Ribosomal proteins are shown in 
red; all other proteins are shown in blue. Mitochondrial ribosomal proteins 
were not designated as ribosomal in this analysis. (G@) Loss of NUFIP1 


suppresses the reactivation of 


mTORC1 that occurs after long-term arginine 


deprivation. Wild-type or NUFIP1 HEK-293T cells were deprived of 
arginine for 50 min (first two lanes of each set) or the indicated times 


and, where indicated, restimu 


ated with arginine for 10 min. Cell lysates 


were analyzed by immunoblotting for the levels and phosphorylation 
states of the indicated proteins. 
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or just its LC3B-binding capacity contained far 
fewer ribosomes than those from control cells 
(Fig. 4F and fig. S6, J and K). Loss of NUFIP1 did 
not affect the morphology of the endoplasmic 
reticulum, mitochondria, or Golgi (fig. S6L). 

To test the role of the subcellular localization 
of NUFIP1 in the induction of ribosome degra- 
dation, we generated NUFIP1 mutants lacking 
either a nuclear localization (NLS) or export (NES) 
signal and expressed them in NUFIP1-null cells. 
The NLS mutant localized to the cytoplasm even 
in cells in full media, but this did not cause ribo- 
some loss. The NLS mutant colocalized to a greater 
extent with LAMP2 upon Torin! treatment and 
restored the capacity of the null cells to degrade 
ribosomes upon amino acid starvation (fig. S7, A 
and B). The NES mutant was constitutively nuclear 
and did not support ribosome degradation even 
upon nutrient starvation (fig. S7, B and C). Loss 
of ATG7 or LC3B did not affect the nuclear exit 
of wild-type NUFIP1 (fig. $7, D and E). Thus, in 
cells in full media, the presence of NUFIP1 in 
the cytoplasm is not sufficient to induce ribo- 
some degradation, presumably because mTORC1 
inhibition is still needed to promote the interac- 
tion of NUFIP1 with ribosomes. 


NUFIP1 is important for cells to 
survive starvation 


Because NUFIP1 is required for starvation-induced 
ribophagy and ribosomes constitute a major frac- 
tion of the total cell mass (28-30), we asked 
whether NUFIP1 is important for the cellular re- 
sponse to nutrient deprivation. Indeed, loss of 
NUFIP1 or just its LC3B-binding ability reduced 
the capacity of multiple cell types to survive nu- 
trient starvation, as measured in clonogenic sur- 
vival assays or via direct cell counting (Fig. 5, A 
and B, and fig. S8, A to C). These results suggest 
that the NUFIP1-mediated degradation of ribo- 
somes supplies metabolites needed for survival 
during starvation. Consistent with this possibil- 
ity, loss of either ATG7 or NUFIP1 suppressed the 
large increase in nucleoside levels [including 
inosine, which is generated by the deamination 
of adenosine in lysosomes (37)] caused by mTOR 
inhibition that we recently described (5), which 
suggests that most of this increase results from 
the lysosomal degradation of rRNA (32) (Fig. 5C). 
The addition of nucleosides to the starvation 
media rescued the survival defect of the NUFIP1- 
null cells, and, as previously shown (33), of cells 
lacking the canonical autophagy pathway (Fig. 5, 
D and E, and fig. S8D). 

Starvation of single amino acids acutely in- 
hibits mTORC1 signaling, but over time it reacti- 
vates because of the release of endogenous amino 
acids by the autophagic degradation of proteins. 
Analysis of the human proteome annotated in the 
UniProt database (which includes isoforms) re- 
vealed that ribosomal proteins are among the most 
highly enriched for arginine and lysine (Fig. 5F). 
Because mTORC1 senses lysosomal arginine (and 
likely lysine) through SLC38A9 (34), ribophagy 
might be important for generating the amino 
acids necessary for mTORC1 reactivation. Indeed, 
loss of NUFIP1 severely diminished the reactiva- 
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tion of mTORCI normally observed after long- 
term arginine deprivation (Fig. 5G). Thus, NUFIP1- 
mediated ribophagy contributes to the cellular 
response to nutrient starvation. 


Conclusions 


Several properties of NUFIP1 suggest that it 
functions as an autophagy receptor for ribosomes 
during starvation-induced ribophagy: (i) It is re- 
quired for nutrient deprivation to degrade ribo- 
somes, (ii) it binds LC3B and ribosomes, and (iii) 
a NUFIP1 mutant that does not bind LC3B can- 
not support ribosomal degradation upon auto- 
phagy induction. We propose that NUFIP1 cycles 
in and out of the nucleus (74) (Fig. 2C and fig. $7, 
A and C), and, upon nutrient starvation, accu- 
mulates in the cytoplasm because it binds to 
ribosomes that acquire an mTORC1-regulated 
alteration. In the cytoplasm, NUFIP1 transports 
its ribosome cargo to autophagic vesicles by 
directly binding LC3B in a fashion that is likely 
not directly regulated by nutrients and mTORC1. 
Our NUFIPI findings suggest that our data set of 
lysosomal proteins can serve as a resource for 
future discoveries. 

Many questions remain. Our in vitro data 
indicate that the ribosome is likely altered upon 
mTORC1 inhibition in a fashion that strengthens 
its interaction with NUFIP1-ZNHIT3, but the 
nature of this alteration—whether a post- 
translational modification, such as the addition 
of ubiquitin, or the binding of a protein to the 
ribosome—is unknown. Because NUFIP1-ZNHIT3 
most likely interacts with the 60S ribosomal 
subunit and the atomic structure of the human 
ribosome is available (35), it should be possible 
to determine where NUFIP1-ZNHITS3 interacts. 
Note that NUFIP1-ZNHIT3 may not bind directly 
to an established ribosomal protein or the rRNA; 
other currently unknown proteins may be in- 
volved in mediating the interaction. 

Our identification of NUFIP1 as an autophagy 
receptor for ribosomes in mammalian cells adds 
to the growing list of selective autophagy recep- 
tors, including for ferritin, mitochondria, perox- 
isomes, endoplasmic reticulum, and bacteria 
(36-43). We find that ribophagy is an important 
source of nutrients (particularly nucleosides) 
upon starvation, and that loss of NUFIP1 de- 
creases the survival of cells under low-nutrient 
conditions. As RNA-binding proteins, most ribo- 
somal proteins have a high content of basic amino 
acids, and we find that NUFIP1 is required for 
the reactivation of mTORC1 that occurs after 
prolonged arginine starvation. This result sug- 
gests that a key role for SLC38A9, which senses 
lysosomal basic amino acids upstream of mTORC1 
(34), is to signal the successful degradation of 
ribosomes in lysosomes to mTORC1. 

In the human and mouse cells we have ex- 
amined, loss of NUFIP1 prevents starvation- 
induced ribosome degradation, but it is possible 
that other ribosome receptors or mechanisms for 
ribosome degradation also exist. For example, 
recent work suggests that ribosomes can be de- 
graded via bulk autophagy at longer starvation 
times (24 hours) than those we have examined 


(44). In yeast, it has been proposed that the 
ubiquitin protease Ubp3p/Bredp is required for 
the selective degradation of ribosomes, but it is 
unclear whether its homologs play such a role in 
animals (27). In growing cells, it is estimated that 
ribosomes account for ~50% and ~80% of total 
cellular protein and RNA (28-30), respectively. 
Our work identifies a key link between starva- 
tion and one of the most abundant nutrient 
sources in cells. 
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Single-cell transcriptomics of the 
mouse kidney reveals potential 
cellular targets of kidney disease 


Jihwan Park,’* Rojesh Shrestha,’* Chengxiang Qiu,’ Ayano Kondo,’ Shizheng Huang,' 
Max Werth,” Mingyao Li,? Jonathan Barasch,” Katalin Susztak'+ 


Our understanding of kidney disease pathogenesis is limited by an incomplete molecular 
characterization of the cell types responsible for the organ’s multiple homeostatic functions. 
To help fill this knowledge gap, we characterized 57,979 cells from healthy mouse kidneys 

by using unbiased single-cell RNA sequencing. On the basis of gene expression patterns, we 
infer that inherited kidney diseases that arise from distinct genetic mutations but share 

the same phenotypic manifestation originate from the same differentiated cell type. We also 
found that the collecting duct in kidneys of adult mice generates a spectrum of cell types 
through a newly identified transitional cell. Computational cell trajectory analysis and in vivo 
lineage tracing revealed that intercalated cells and principal cells undergo transitions mediated 
by the Notch signaling pathway. In mouse and human kidney disease, these transitions were 
shifted toward a principal cell fate and were associated with metabolic acidosis. 


he kidney is a highly complex organ that 

performs many diverse functions that are 

essential for health. It removes nitrogen, 

water, and other waste products from the 

blood. It controls blood electrolytes and 
acid-base balance, and it secretes hormones that 
regulate blood composition and blood pressure. 
The kidney consists of several functionally and 
anatomically discrete segments. The glomerulus 
is a specialized group of capillaries that filters the 
blood and produces the primary filtrate of water 
and solutes such as sodium, potassium glucose, 
and bicarbonate. The proximal tubules then re- 
absorb the majority of the water and electrolytes, 
whereas solutes such as uric acid, organic anions, 
potassium, and protons are secreted into the fil- 
trate. The loop of Henle is primarily involved in 
solute concentration. The distal tubule and the 
collecting duct are segments where highly regu- 
lated solute transport occurs. Thus, each segment 
is critical for maintaining electrolyte and water 
homeostasis. 

In the past, kidney cells have been annotated 
on the basis of their function, their anatomical 
location, or the expression of a small number of 
marker genes (1), yet these classification systems 
do not fully overlap. An emerging technology 
called single-cell transcriptional profiling allows 
investigators to monitor global gene regulation 
in thousands of individual cells in a single ex- 
periment (2, 3). In principle, this technology 
could answer central questions in kidney biology 
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and disease pathogenesis because it has the po- 
tential to provide four distinct types of information. 

First, unbiased single-cell clustering can rede- 
fine kidney cell types on the basis of only their 
global transcriptome patterns (4). Such analyses 
have already been applied to other organs (2, 5-7) 
and even to whole multicellular organisms (8, 9). 
These experiments have identified previously un- 
recognized cells and have cataloged marker genes 
for previously defined cells, indicating that this 
approach has the potential to redefine kidney 
cell types. 

Second, single-cell analysis may help dissect 
the mechanisms underlying common kidney 
diseases (10, 11). In general, kidney pathologies 
have been grouped together by their temporal 
patterns (acute or chronic) or by their target 
structures (glomerular versus tubular), which 
has obscured the underlying biology. Previously 
obtained bulk transcriptome profiles have gen- 
erated readouts only for predominant cell pop- 
ulations such as the proximal tubular cells (72). 
Kidney segment-specific RNA-sequencing anal- 
ysis of the rat kidney has provided useful re- 
sources (73), but single-cell analysis can potentially 
further exploit cell type-specific changes and 
identify previously unrecognized cell types dur- 
ing disease modulation, independent of precon- 
ceived cellular definitions. 

Third, single-cell analysis may be able to iden- 
tify fluctuating states of the same cell type. It is 
generally believed that terminally differentiated 
cells have limited plasticity. Most cell plasticity in 
adults has been observed in the context of dif- 
ferentiation of progenitor cells, best described in 
the blood and intestine (74). Such cellular tran- 
sitions have also been documented during the 
development of the collecting duct (15-17). For 
example, subtypes of intercalated cells (ICs) can 
change their functional polarity. In addition, 
stem cell-like populations originating from the 


principal cell types (PCs) may persist in the adult 
collecting duct and respond to external stimuli 
(18, 19), but definition of these plastic cells is 
lacking. 

Fourth, current models of kidney disease can- 
not distinguish primary cell autonomous re- 
sponses from secondary cell nonautonomous 
responses. Single cell-specific gene expression 
profiles, in contrast, may help identify the read- 
out of disease-associated gene mutations in 
each cell. 


Single-cell profiling and unbiased 
clustering of mouse kidney cells 


We first cataloged mouse kidney cell types in 
an unbiased manner by using droplet-based 
single-cell RNA sequencing (20). We isolated 
and sequenced a total of 57,979 cells from whole 
kidney cell suspensions derived from seven healthy 
male mice (one kidney per mouse). Using strin- 
gent quality controls (20), we further analyzed 
43,745 cells. Clustering analysis identified 16 dis- 
tinct cell clusters consisting of as few as 24 cells 
to as many as 26,482 cells per cluster (the clus- 
ters were restricted to a minimum of 20 cells) 
(Fig. 1A). 

We next performed several important quality- 
control analyses to validate our map. First, we 
ensured that cells from the seven kidneys were 
distributed evenly in all 16 clusters and that each 
cluster contained cells from more than four ex- 
periments (fig. S1). Next, we examined the effect 
of mitochondrial gene content (fig. S2A). The 
clustering of cells was not affected by mitochon- 
drial gene content (fig. S2, B to E). Furthermore, 
genes whose expression positively correlated 
with mitochondrially encoded proteins were 
associated with solute transport (which requires 
abundant energy) rather than with cellular stress 
responses (fig. S3). This indicates that the increased 
mitochondrial gene count was inherent to spe- 
cific (proximal and distal tubule) cell types in the 
kidney. In addition, by testing different clus- 
tering methods, we found that most methods 
identified similar cell groups (fig. S4), express- 
ing the same group of marker genes with lim- 
ited variations in cell separation. Last, we showed 
that decreasing the cell number from 40,000 to 
10,000, 3000, or 1000 cells (fig. SSA) was asso- 
ciated with increasing uncertainty in cell clus- 
ter identification and the loss of rarer cell types 
(fig. S5, B and C). 


Classification of kidney cells based on 
cell type-specific marker genes 


To define the identity of each cell cluster, we 
generated cluster-specific marker genes by 
performing differential gene expression analysis 
(Fig. 1B, fig. S6, and table S1) (20). In many cases, 
the unbiased cluster identifier was a known cell 
type-specific marker, such as Kdr (encoding 
vascular endothelial growth factor receptor 2) for 
endothelial cells, NphsI (nephrin) and Nphs2 
(podocin) for podocytes, Slc12aI (Na-K-2Cl co- 
transporter) for the ascending loop of Henle, 
and Slc12a3 (thiazide-sensitive sodium chlo- 
ride cotransporter) for the distal convoluted 
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tubule (Fig. 1B). Immune cells and endothelial 
cell clusters separated from epithelial cells, but 
the ureteric bud- (clusters 6 to 8) and meta- 
nephric mesenchyme-derived (clusters 2 to 5) 
epithelial clusters were more closely aligned 
(Fig. 1A). Although some of the markers were 
already known, we identified a large number of 
additional markers, including CdknIc and Bcam 
for podocytes (Fig. 1B and fig. S6B). Further 
analysis identified eight subclusters within clus- 
ters 1, 3, and 7 (Fig. 1C and tables S2 and S3). 
Cluster 1 separated into endothelial cells; peri- 
cyte, vascular smooth muscle, and mesangial-like 
cells; and descending loop of Henle (DLH) cells. 
Cluster 3 (proximal tubules) separated into S1, 
$2, and S3 segments or proximal convoluted and 
straight segments (fig. $7). ICs (cluster 7) sepa- 
rated into types A and B. 

To reliably assign a specific cell type to each 
cell cluster, we first correlated our gene expres- 
sion results with bulk RNA-sequencing data from 
microdissected rat kidney segments (fig. S8) and 
microarray data on human immune cell types (fig. 
89). To further validate our clustering analysis, 
we used Nphs2“°mT/mG, Scl“°mT/mG, and 
Cdhi6“°mT/mG mice as reporter lines to mark 
podocytes, endothelium, and tubule cells with 
green fluorescent protein (GFP). The GFP ex- 
pression in these models confirmed the proposed 
cell identity of our cell clusters (fig. S10). Alto- 
gether, our single-cell transcriptome atlas provides 
a molecular definition of 18 previously defined 
kidney and immune cell types, as well as three 
newly defined cell types. 


Mendelian disease genes show cell 

type specificity 

We next tested the hypothesis that hereditary 
kidney diseases that are characterized by the 
same phenotypic manifestations originate from 
the same cell type. We also explored whether the 
functions of specific cell types in the mouse kid- 
ney could be inferred from the expression pattern 
of human genes whose loss of function results in 
kidney disease. We found that the mouse homologs 
of 21 of 29 genes that have been associated with 
monogenic inheritance of proteinuria in hu- 
mans were expressed in only one cell type—namely, 
the podocyte of the glomerulus (Fig. 2A and fig. 
S11). Although earlier studies have implicated 
defects in endothelial cells and proximal tu- 
bules in the development of proteinuria, and 
functional and structural changes in these cell 
types can be seen in patients with proteinuria, 
our results unequivocally show that podocyte 
dysfunction is the principal reason for protein- 
uria (27). As another example, we found that 
the mouse homologs of genes associated with 
renal tubule acidosis (RTA) in humans were 
expressed only by ICs of the collecting duct, 
confirming the major role of these cells in acid- 
base homeostasis (Fig. 2A). Furthermore, mouse 
homologs of genes that have been implicated 
in blood pressure regulation through analysis 
of human Mendelian diseases, such as Wnk4, 
WnkI, Kih3, and Sicl12a3, were expressed spe- 


Nr3c2, Scnnib, Scnnig, and HsdiIb2 were spe- 
cifically expressed by PCs of the collecting duct 
(Fig. 2A and figs. S11 and S13). 

Following the same logic, we annotated the 
expression of putative complex-trait disease 


genes that have been associated with blood pres- 
sure, chronic kidney disease (CKD) and serum 
metabolite levels, nephrolithiasis (e.g., Slc34a1), 
and RTA (e.g., Atp6vI1b!1) (Fig. 2B and figs. S12 
and S13) (22-24). We found that most genes 


cifically in the distal convoluted tubule, whereas 
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Fig. 1. Cell diversity in mouse kidney cells delineated by single-cell transcriptomic analysis. 
(A) Unsupervised clustering demonstrates 16 distinct cell types shown in a t-distributed stochastic neighbor 
embedding (tSNE) map (center). Left panels are subclusters of clusters 1, 3, and 7. Percentages of assigned 
cell types are summarized in the right panel. Endo, containing endothelial, vascular, and descending loop 
of Henle; Podo, podocyte; PT, proximal tubule; LOH, ascending loop of Henle; DCT, distal convoluted tubule; 
CD-PC, collecting duct principal cell; CD-IC, collecting duct intercalated cell; CD-Trans, collecting duct transitional 
cell; Fib, fibroblast; Macro, macrophage; Neutro, neutrophil; lymph, lymphocyte; NK, natural killer cell. (B and C) 
Violin plots showing the expression levels of representative marker genes across the 16 main clusters. 

The y axis shows the log-scale normalized read count. (C) Cluster 1 [from (A), left] separates into endothelial 
cells (Endo), pericytes and vascular smooth muscle cells (Peri), and descending loop of Henle (DLH) 
cells. Cluster 3 (proximal tubules) separates into S1, S2, and S3 segments or proximal convoluted tubules (PCT) 
and proximal straight tubules (PST). In cluster 7, intercalated cells (ICs) separate into types A and B. 
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implicated in these traits were expressed only 
in a single cell type, such as collecting duct cells 
(RTA) or proximal tubule cells (nephrolithia- 
sis). The expression of genes associated with 
plasma metabolite levels—such as SlcI7a3 (uric 
acid), Sic5Ia (bile acid), and SicI6a9 (carnitine) 
(22-24)—and CKD showed strong enrichment 
for proximal tubule-specific expression, where- 
as blood pressure-associated genes were most- 
ly expressed in collecting duct cells. Thus, our 
single-cell transcriptomic analysis highlights 


Renal tubular 


A 


Nephrotic syndrome 


SERRE Eo 


| | j 
BERBER RRRRR BB Cacnais 


Blood pressure 


z2score 


specific cells responsible for specific kidney- 
related disorders, as well as the critical func- 
tions of these cells. 


Identification of a previously 
unrecognized cell type in the 
collecting duct 


The collecting duct of the kidney differs from 
all other kidney epithelia because it originates 
from the ureteric bud and not from the meta- 
nephric mesenchyme. This compartment is com- 


acid 


Metabolite GWAS 


Fig. 2. Discrete human disease phenotypes are due to mutations in single specific cell 
types. Single cell-type specific average expression of human (A) monogenic disease genes 
and (B) complex-trait genes identified by genome-wide association studies. Mean expression 
values of the genes were calculated in each cluster. The color scheme is based on z-score 


distribution; the map only shows genes with maximum z-scores > 2. In the heatmap, each row 
represents one gene, and each column is a single cell type (defined in Fig. 1). The full list of cell 
types and genes is shown in figs. S11 and S12. 
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posed of at least three distinct cell types: the PCs, 
which are responsible for sodium, water reabsorp- 
tion, and potassium secretion, and the type A 
and B ICs, which are responsible for acid and 
alkali secretion, respectively. We identified the 
genes encoding aquaporin 2 (Agp2) and H*- 
ATPase (H*-dependent adenosine triphosphatase) 
subunit (Atp6v1g3) as the key marker genes for 
clusters 6 and 7, defining these clusters as PCs 
and ICs (Figs. 1 and 3, A and B). 

Unexpectedly, our single-cell profiling iden- 
tified a third cell cluster. This cell cluster (clus- 
ter 8) expressed markers of both ICs and PCs 
(“double-positive cells”; Fig. 3, A and B) and 
additional cell type-specific markers. We per- 
formed double immunofluorescence staining 
and in situ hybridization with probes for Agp2 
and Atp6vIbI1 (Fig. 3C) and cell type-specific 
markers such as Parm! and Sec23b (Fig. 3, D to 
F, and fig. S14) to validate the existence of this 
cell type. 

To further investigate this unexpected cell type, 
we used the Monocle toolkit to perform cell tra- 
jectory analysis using pseudotime reconstitution 
of clusters 6 to 8 (20). We found that the newly 
identified cells were located between PCs and 
ICs, suggesting that cluster 8 is a transitional cell 
type (Fig. 3G). Transitional cells showed low ex- 
pression levels of stress response genes and cell 
cycle genes, and these cells were present in all 
batches of our kidney isolates (figs. S15 and S16), 
excluding the possibility that they were injured 
cells, a proliferating subtype of collecting duct 
cells, or an artifact. Furthermore, cell trajectory 
analysis separated ICs into types A and B and 
PCs into their subtypes (PCs in the collecting 
duct and connecting tubule), as previously 
identified (Fig. 3G and fig. S17) (7, 25). These 
results indicate that the collecting duct contains 
not only PCs and ICs but a third distinct, tran- 
sitional cell type; this raises the possibility that 
ICs and PCs represent two ends of a spectrum of 
cellular phenotypes and that they may undergo 
cellular transitions. 


Fluorescent lineage tracing confirms 
plasticity of collecting duct cells 


We next examined whether transitional cells could 
be identified by conventional in vivo lineage tracing 
and whether they match our computational char- 
acterization. We generated mice that carry a lineage 
tag in differentiated PCs (Aqp2“°mT/mG) or in 
differentiated ICs (Atp6“*mT/mG) (Fig. 3, H and 
I). We performed triple immunofluorescence la- 
beling in these animals by staining for GFP (all 
cells of a specific marker origin), AQP2 (PCs), and 
ATP6VIBI1 (ICs). As expected, we found that most 
of the GFP-positive cells were also AQP2-positive 
in the Aqp2“°mT/mG mice. A subset of the GFP- 
positive cells expressed ATP6V1B1, an IC marker, 
but not AQP2. A smaller subset was double-positive 
for ATP6VIB1 and AQP2. Among the Aqp2“'mT/mG 
GFP-positive cells, 61.6% were AQP2-positive, 29.2% 
were ATP6VIB1-positive, and 9.2% were double- 
positive for AQP2 and ATP6VIBI (Fig. 3H). Similar 
analyses were performed with the Atp6“°mT/mG 
lineage, which showed that double-positive (AQP2 
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and ATP6V1B1-positive) transitional cells and 
ATP6VI1B1-negative true PCs can originate from 
ATP6VIB1-positive ICs (Fig. 31). 

To determine whether cell proliferation might 
be responsible for this cell plasticity, we calcu- 
lated the expression levels of cell cycle-regulated 
genes in the single-cell transcriptome and in cell 
trajectory maps. We found that only clusters 9 
and 16 (newly identified cell types 1 and 2), not 
any of the collecting duct clusters, expressed high 
levels of the cell cycle genes (fig. S18). This sug- 
gests that cluster 8 is likely to be a transitional 
cell population and not a proliferating progeni- 
tor cell. Thus, in vivo lineage tracing analysis 
confirmed transitions of PCs and ICs not only 
during development (15-17) but also in the adult 
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collecting duct through a newly identified tran- 
sitional cell type. 


Collecting duct cell plasticity, driven by 
Notch signaling, results in abnormal cell 
populations in CKD 


For further analysis of the plasticity of collecting 
duct cells, we identified genes whose expression 
levels change during transitions of PCs and ICs 
(fig. S19, A and B) (20). PCs showed enriched 
expression of genes associated with cell adhesion, 
water homeostasis, and salt transport, whereas 
ICs showed enriched expression of genes asso- 
ciated with ATP hydrolysis and synthesis, coupled 
proton transport, and oxidation-reduction pro- 
cesses (fig. S19C). The gene expression patterns 


Fig. 3. Identification of a transitional cell type 
and a conversion process in the kidney 
collecting duct. (A) The expression levels of 
marker genes across the 16 clusters. The y axis 
shows the log-scale normalized read count. 

(B) Gene expression levels in PCs (Aqp2), ICs 
(Atp6vlg3), and transitional cells (Syt7), 
demonstrated by a tSNE plot. (C) Representative 
immunofluorescence images of AQP2 

(PC marker), ATP6V1B1 (IC marker), and 

DAPI (4',6-diamidino-2-phenylindole) in the 
kidney collecting duct. The arrow indicates the 
transitional PC-IC cell type expressing AQP2 
and ATP6V1B1. (D) Heatmap showing the 
expression levels of differentially expressed 
genes in collecting duct cell types. The color 
scheme is based on z-score distribution. 

(E) Venn diagram showing the overlaps of 
differentially expressed genes between PCs, ICs, 
and the newly identified cell type. (F) Immuno- 
fluorescence staining for PARMI (transitional 
cell-specific) and AQP2 (upper panels) or 
ATP6V1B1 (lower panels) in the kidney collecting 
duct. “Double-positive” cells are shown by the 
arrows. (G) Ordering single cells along a cell 
conversion trajectory using Monocle. Three 
collecting duct cell clusters were used for 
ordering and plotted in low-dimensional 

space with different colors. The tSNE plots 
next to the trajectory map show differentially 
expressed genes in the corresponding cell 
lineages. (H) Aqp2°'’mT/mG mouse model 
used for lineage tracing of AQP2-positive 

cells (left) and immunofluorescence staining 
for GFP, ATP6V1B1, and AQP2 (right). The 
far-right panel shows the quantification of GFP- 
positive cells (mean + SD; n = 3). AQP2-driven 
FP (white) is found in PCs (red and white) 
and ICs (green and white). (I) Atp6°'"°mT/mG 
mouse model used for lineage tracing of 
ATP6ase-positive cells (left) and immuno- 
fluorescence staining for GFP, ATP6V1B1, 

and AQP2 in Atp6°'°mT/mG mice (right). 
ATP6V1B1-driven GFP (white) is found 

in PCs (red and white), ICs (green and white), 
and transitional cells (red, green, and white). 


(@) 


revealed that the Notch signaling pathway was 
activated during the transition of ICs to PCs. 
Notch regulates the cellular identity of neigh- 
boring cells by the expression of either Notch 
ligands or Notch receptors. Alternating expres- 
sion of ligands and receptors creates a signal- 
sending cell (Notch-off) and a signal-receiving 
cell (Notch-on). Genes encoding Notch lig- 
ands, such as Jag/, were highly expressed by 
ICs, whereas their expression levels were low 
in PCs (Fig. 4A). In contrast, PCs showed high 
expression levels of Notch2 receptor and its 
transcriptional target Hes (which encodes a 
transcription factor), suggesting that PCs are 
the Notch signal-receiving cells in the collect- 
ing duct. Immunofluorescence studies confirmed 
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Fig. 4. The IC-to-PC transition is driven by 
Notch ligand and receptor expression. 

(A) Transcriptional profiles demonstrating the 
spectrum of expression of Notch genes in 

the collecting duct. Cells are ordered in 
pseudotime, and color represents expression 
levels. (B) Double immunofluorescence staining 
for AQP2 (red) and JAGI (green) in the kidney 
collecting duct. (C) Generation of mice with 
inducible expression of Notch (ICN1) in kidney 
tubules (left). Dox, doxycycline. Excess 
AQP2-positive cells and reciprocally decreased 
ATP6V1B1-positive cells are found in Pax8rtTA/ 
NICD tubules (mean + SD; n = 3) (right). 

*P < 0.01. (D) In silico deconvolution of mouse 
kidney bulk RNA profiling data. Wild-type 

and Pax8rtTA/NICD samples were used for 
analysis. (E) Immunofluorescence quantifica- 
tion of cells labeled with AQP2 and ATP6V1B1 
in control mice and a mouse model of CKD 
induced by folic acid (FA) (mean + SD; n = 3). 
*P < 0.01. (F) In silico deconvolution of mouse 
kidney bulk RNA profiling. Control and kidney 
samples from FA-injected mice were used 

for analysis. (G) Immunofluorescence staining 
for AQP2 and ATP6V1B1 in control, Pax8rtTA/ 
NICD, and FA-induced mouse model collecting 
ducts. AQP2-positive cells are abundant in 

the latter two and, conversely, ATP6V1B1- 
positive cells disappear. (H) In silico 
deconvolution of bulk RNA profiling data 
derived from kidney biopsy samples of 
patients with CKD (n = 91). The histological 
fibrosis scores and HES1 expression levels 

for the corresponding samples are also shown. 
(1) Total serum bicarbonate levels in control 
mice and in mice with FA-induced kidney 
fibrosis (mean + SD; n = 5). 


exclusive expression of the Notch ligand JAG1 
in the ICs (Fig. 4B). 

To examine whether Notch signaling drives the 
IC-to-PC cell transition, we generated Pax8rtTA/ 
NICD mice, which enable inducible transgenic 
expression of the conserved Notch intracellular 
domain portion of the receptor, specifically in 
differentiated kidney tubule cells (Fig. 4C). This 
experimental model allowed us to study only 
the IC-to-PC transitions occurring in adult mice, 
as opposed to those occurring during embryo- 
genesis (15). We found that Notch expression 
disrupted cellular patterning. The number of 
cells expressing the PC marker AQP2 was in- 
creased, whereas the number of cells express- 
ing the IC marker ATP6V1B1 and the type A IC 
marker ADGRF5 was reduced in parallel (Fig. 4, 
C and G, and fig. S20). The Notch-mediated 
transition appeared nearly complete, given that 
the cells also expressed multiple PC markers, 
including AQP3 and HSD11B2 (figs. S21 and 
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A tc adj. p. 
Jag! 2.40E-27 
Cir! 2.83E-04 
Hdact 1.37E-05 
Heyl 8.90E-15 
Mib1 8.94E-06 
Hes1 6.54E-170 
Maml2. 6.70E-04 
Notch2 7.64E-36 
Notch3 6.94E-09 
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$22). Last, in silico deconvolution analysis of 
bulk RNA-profiling data, examining marker 
gene expression, was performed for control and 
Pax8rtTA/NICD mice (20) to estimate the pro- 
portion of ICs and PCs in the collecting duct. 
The data were consistent with the results of our 
lineage tracing experiments (Fig. 4D). Collect- 
ively, these data indicate that Notch receptor 
expression and signaling are sufficient to drive 
the IC-to-PC transition in the collecting duct of 
the adult kidney. 

Because increased Notch expression has been 
reported in patients with and animal models of 
kidney disease (26, 27), we examined whether 
disease states disrupt the relative numbers of PCs 
and ICs. In a mouse model of CKD induced by 
folic acid (FA), which shows structural and func- 
tional damage resembling that seen in human 
CKD, we found a loss of the typical alternating 
patterns of ICs and PCs. We observed an increase 
in AQP2-positive cells and a decrease in ATP6V1BI1- 


>5 (undetected) 


positive cells (as well as ADGRF5-positive type A 
ICs) compared with untreated mice (Fig. 4, E 
and G, and fig. S20). Computational cell decon- 
volution analysis of bulk RNA sequencing and 
analysis of marker gene expression in control 
and FA-induced kidney disease models yielded 
data consistent with a shift from IC to PC fate 
(Fig. 4F and fig. S23). Using cell markers identi- 
fied in mice, we performed computational decon- 
volution analysis of kidney biopsy samples from 
91 patients with hypertensive and diabetic CKD 
(fig. S24). Again, we found that in comparison 
with healthy samples, the diseased tissue sam- 
ples showed a higher ratio of PCs to ICs (Fig. 4H 
and fig. S25), consistent with increased Notch 
signaling and HES] expression (that is indicative 
of active Notch signaling) in these samples. The 
shift toward PCs did not correlate with increased 
expression of cell proliferation-associated genes 
in PCs or with increased expression of cell death- 
associated genes in ICs (fig. $25). 
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Last, we analyzed whether the increased IC-to-PC 
transition that we observed in the mouse model 
of CKD (Fig. 4C) and in kidney biopsy samples 
from patients with CKD (Fig. 4H) had a func- 
tional consequence. ICs are uniquely associated 
with acid secretion in the kidney because they 
express H*-transporting genes. Conversely, muta- 
tions in genes encoding proton pumps such as 
ATP6VIB1 cause metabolic acidosis, an accumu- 
lation of acid in many compartments of the body 
(fig. SI9C and Fig. 2A). We found that total blood 
CO, levels (composite measure of serum bicar- 
bonate and partial pressure of CO.) were signif- 
icantly reduced in the FA-induced kidney disease 
mouse model, consistent with metabolic acidosis 
(Fig. 4D. Together, these data show that (i) the 
IC-to-PC transition is mediated by Notch ligand 
(IC) and receptor (PC) expression and (ii) a shift 
toward the PC fate is the likely cause of meta- 
bolic acidosis in mouse models of and patients 
with CKD. 


Discussion 


Efforts to describe the cell types that make up the 
kidney date back to the invention of the micro- 
scope. Over the past century, a kidney cell annota- 
tion has been developed that is based on the organ’s 
functions of transporting water and different types 
of salts. Here, we provide a molecular definition 
of cell types in the mouse kidney obtained by 
single-cell RNA sequencing of 57,979 cells. At this 
resolution, we distinguished 21 major cell types 
defined by quantitative gene expression; these 
cells included almost all previously described cell 
types, newly defined transitional cells in the col- 
lecting duct, and two additional undefined cells 
(clusters 9 and 16; Fig. 1). Our work complements 
previous efforts that have applied this technology 
to the kidney. Single-cell sequencing has been used 
to study fetal mouse kidneys and sorted kidney 
segments (7, 28, 29), and a recent study identified 
kidney cell composition changes in patients with 
lupus nephritis (30). 

Our kidney cell atlas provides insight into 
kidney function and disease pathogenesis. It dem- 
onstrates that the expression of monogenic kid- 
ney disease genes is restricted to a single cell 
type. Therefore, most genetic diseases of the kidney 
can be traced to single cell types. In this light, 
each cell type appears to make a nonredundant 
contribution to a specific type of kidney disease. 
In contrast, previous transcriptomic studies iden- 
tified changes in multiple cell types, using aggregated 
data from different kidney diseases. Last, it ap- 
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pears that the single-cell transcriptomics data can 
be used to infer cell type-specific function in vivo 
at the organismal level. 

The atlas also highlights the role of the col- 
lecting duct system of the kidney in health and 
disease. The expression of genes harboring mu- 
tations associated with human disorders such 
as metabolic acidosis, CKD, and high blood 
pressure is specifically localized to this kidney 
segment. One of the most striking results of our 
analysis of the mouse kidney was the identifica- 
tion of an unexpected cell type related to the well- 
known ICs and PCs. Computational and lineage 
tracing analyses indicated that cells of this type 
are most likely transitional cells and that the num- 
ber and patterning of ICs and PCs are controlled 
by Notch signaling in adult mice. This finding 
suggests that the Notch pathway may play a role 
in CKD. We speculate that the transition be- 
tween PCs and ICs is a constitutive process that 
is activated in disease conditions, because our cell 
trajectory analysis demonstrates that the transi- 
tions occur at low frequency in healthy mice. PCs 
may be irreplaceable, considering that they are 
responsible for sodium and water balance and 
are involved in the regulation of serum potassium 
levels (31). Elevated serum potassium can cause 
fatal cardiac conduction abnormalities in patients 
with chronic kidney failure. On the other hand, 
acid accumulation owing to the loss of ICs can be 
partially compensated by regulating the respiratory 
rate, and, as a result, the organism can maintain 
near-normal serum pH. Perhaps this rationale 
explains the preservation or even expansion of 
PCs, unlike ICs, in disease states. 

We have generated a comprehensive cell 
atlas of the mouse kidney, identified cell type- 
specific markers along with previously unre- 
cognized cell types, and uncovered unexpected 
cell plasticity. This information will enhance 
our understanding of normal kidney function 
and disease development. 
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Elastic strain engineering for ultralow 
mechanical dissipation 


A. H. Ghadimi,* S. A. Fedorov,'* N. J. Engelsen,’* M. J. Bereyhi,' R. Schilling,’ 


D. J. Wilson,”+ T. J. Kippenberg"+ 


Extreme stresses can be produced in nanoscale structures; this feature has been used to 
realize enhanced materials properties, such as the high mobility of silicon in modern 
transistors. We show how nanoscale stress can be used to realize exceptionally low 
mechanical dissipation when combined with “soft-clamping”—a form of phononic 
engineering. Specifically, using a nonuniform phononic crystal pattern, we colocalize the 
strain and flexural motion of a free-standing silicon nitride nanobeam. Ringdown 
measurements at room temperature reveal string-like vibrational modes with quality (Q) 
factors as high as 800 million and Q x frequency exceeding 10”° hertz. These results 
illustrate a promising route for engineering ultracoherent nanomechanical devices. 


lastic strain engineering uses stress to re- 
alize unusual material properties (7). For 
instance, stress can enhance the electron 
mobility of a semiconductor, enabling more 
efficient solar cells (2) and smaller, faster 
transistors (3). In mechanical engineering, the 
pursuit of resonators with low dissipation (4) has 
led to studies of a complementary strain engi- 
neering technique known as dissipation dilution, 
whereby the stiffness of a stressed material is 
effectively increased without added loss (5-8). 
Unlike most bulk mechanical properties, dissi- 
pation dilution can improve with reduced device 
dimensions, implying that smaller-mass resona- 


Fig. 1. Ultrahigh-Q nano- A 
beams through dissipa- 

tion dilution. (A) Mode ® 
shapes representing three 
strategies to enhance the Q 
of a nanobeam via dissipa- 


eit 6. 
ies ee 


tors can have higher quality factors Q. This un- 
usual scaling is responsible for the anomalously 
high Q of Siz;N, nanomechanical resonators (8-12) 
and has led to the emergence of “quantum- 
coherent” resonators with thermal decoherence 
times #Q/kgT longer than one vibrational period 
(where h, kp, and T are the reduced Planck con- 
stant, Boltzmann constant, and bath tempera- 
ture, respectively). 

Whereas elastic strain engineering commonly 
relies on extreme inhomogeneous stresses pro- 
duced by nanoscale deformation (22) [e.g., by lith- 
ographic patterning (73, 14) or nano-indentation 
(15)], nearly all studies of dissipation dilution have 
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focused on materials under weak, uniform stress 
produced during material synthesis. The main 
challenge in bridging these two approaches is to 
identify strategies to colocalize stress and me- 
chanical motion at the nanoscale. Our strategy, 
based on phononic crystal patterning, is concep- 
tually simple and entirely material-independent 
(Fig. 1): By weakly corrugating a prestressed nano- 
beam, we create a band gap for localizing its flex- 
ural modes around a central defect. By tapering 
the beam, we colocalize these modes with a re- 
gion of enhanced stress. Reduced motion near 
the supports [“soft-clamping” (8)] results in high- 
er dissipation dilution, while enhanced stress 
increases both dilution and mode frequency. We 
implemented this approach on tapered beams 
with extremely high aspect ratios (as long as 
7mm and as thin as 20 nm) made of 1.1 GPa- 
prestressed SizN,, and achieved local stresses as 
high as 3.8 GPa. 

To illustrate the basic features of our approach, 
we first consider a model for dissipation dilution 
of a nonuniform beam of length Z, thickness h, 
and variable width w(x). Following an anelastic 
approach successfully applied to uniform nano- 
beams (6, 7) and nanomembranes (J6), we parti- 
tion the potential energy of the beam U into two 
components: a dissipative component due to 
bending, Uz = % Eol-I(x)(u"(a)|’dx, and a 
conservative component due to elongation, U, = 
% T i [u'(a)]’dx, where u(x) is the vibrational 
mode shape, I(x) = (1/12)w(x)h? is the geometric 
moment of inertia, Eo is the Young’s modulus, 
T = hw(2)o(a) is the tension, and o(#) is the 
axial stress of the beam, respectively. The Q 
enhancement due to stress (the dissipation 
“dilution factor”) is given by the participation 
ratio of the lossy potential (5-7): 


where Qo is the intrinsic (undiluted) quality fac- 
tor. For the familiar case of a uniform beam with 
a string-like mode shape described by w(x) °¢ sin 
(xnx/L), where n is the mode number, Eq. 1 im- 
plies that 


2 
eee @) 
0 «oT Egh? pf 
where p is the material density and f = (n/L) /o/p 
is the mode frequency. Nearly all stressed nano- 
mechanical resonators studied to date have op- 
erated far below this limit. The main reason for 
this discrepancy is clamping loss; for example, in 
the case of a doubly clamped beam, boundary 
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conditions w'(%) = u(@o) = O require that the 
vibrational mode shape exhibit extra curvature 
[u'(a@)] near the supports (@p = 0, L), resulting 
in a reduced dilution factor of the form 


=1 


supports antinodes 


(7,17), whered = (h/L)\/1/(12e) in units of axial 
strain € = 0/E. 

The uniform beam model (Eq. 3) gives several 
rules of thumb for maximizing the Q (or Q x f 
product) of a stressed nanomechanical resonator; 
namely, Q is typically highest for the fundamen- 
tal mode (n = 1) and can be increased by increas- 
ing the aspect ratio (L/h) or stress. By contrast, 
Q x fis typically larger for high-order modes. 
Both strategies have been explored for a wide 
variety of beam- and membrane-like geometries 
(17, 18). A third approach, recently demonstrated 
with a membrane (8), is to use periodic micro- 
patterning [a phononic crystal (PnC)] to local- 
ize the mode shape away from the supports. By 
this soft-clamping approach, the leading term 
in Eq. 3 can be suppressed, giving access to the 
performance of an ideal clamp-free resonator 
(Eq. 2). 

Complementary to soft-clamping, our approach 
consists of colocalizing the mode shape with a re- 
gion of geometrically enhanced stress, making use 
of the tension balance relation o(x) = T/[w(x)h] 
[similar to microbridge structures (13, 14)]. In- 
homogeneous stress has been exploited before to 
increase the Q x f product of a nanomechanical 
resonator (19); however, performance was in this 
case limited by rigid clamping. Combining geo- 


28 cells 


Thermal Motion [arb] 


metrically enhanced stress with soft-clamping 
can lead to improved performance: For example, 
Eq. 2 suggests that the Q (for a fixed f) of a typical 
1 GPa-prestressed Si;N, nanobeam can be en- 
hanced by a factor of 50 before the stress in the 
thinnest part of the beam reaches the yield 
strength of SisN4 (Oyiela * 6 GPa). This material 
limit, described by Eq. 2 with o = oyjeiq and il- 
lustrated by the hatched region in Fig. 1, can be 
shown to apply to an arbitrary beam profile w(x) 
(20). In gaining access to it, the main caveat of 
our approach is the small area in which the stress 
is enhanced, which implies that high-order flex- 
ural modes must be used to achieve sufficient 
colocalization. 

Devices were patterned on 20-nm-thick films 
of high-stress SigN, (Eo ~ 250 GPa, oo = 1.1 GPa) 
grown by low-pressure chemical vapor deposition 
on a Si wafer. A multistep release process (20) was 
used to suspend beams as long as 7 mm, enabling 
aspect ratios as high as 3.5 x 10° and dilution fac- 
tors in excess of (24) ' = 3 x 10°. PnCs were real- 
ized by corrugating beams with a simple step-like 
unit cell dength Z,, minor width win, Major 
width @max * 2Wmin) (Fig. 2A). A uniform de- 
fect of length La was patterned at the center 
of each beam to define the position of local- 
ized modes. Colocalization of stress with these 
modes is achieved by adiabatically tapering 
the width of successive unit cells toward the 
defect according to a Gaussian envelope func- 
tion (20). 

Localized modes of PnC nanobeams (“1D 
phononic crystals”) have already been widely 
studied, as their ultralow mass and sparse mode 
spectrum make them highly promising for sens- 
ing applications. However, in contrast to 2D 


0)}) eee 


4 
Local stress [GPa] 


(membrane-like) resonators (8), ultrahigh Q in 
1D PnCs has not been reported to date because 
of a focus on unstrained materials (27) and/or 
highly confined (high-curvature) modes (8) lim- 
ited by radiation loss. With this discrepancy in 
mind, we first embarked on a study of uniform 
(untapered) PnC nanobeams, focusing on local- 
ized modes of our high-aspect ratio devices. 

An experiment demonstrating soft-clamped 
1D nanomechanical resonators is shown in Fig. 3. 
We studied 2.6-mm-long devices with unit cells 
of length L, = 100 pm and width @ping¢max = 0.5 + 
0.1 um. To characterize these devices, we carried 
out thermal noise and ringdown measurements 
in vacuo (<10°° mbar) using a lensed-fiber in- 
terferometer (20). As a consequence of their 
simple geometry, mode frequencies (inferred from 
thermal noise spectra; Fig. 3E) were found to 
agree well with a numerical solution to the 1D 
Euler-Bernoulli equation (20). Particularly strik- 
ing is the sparse mode spectrum inside the band 
gap, visualized by compiling spectra of beams 
with different defect lengths (Fig. 3F). A single 
defect mode appears to move in and out of the 
band gap as the defect length is varied. This 
mode is expected to be localized and therefore 
to have a reduced effective mass m. Comparing 
the area under thermal noise peaks and esti- 
mating the physical beam mass to be 7% = 100 pg, 
we infer that indeed m = 5 pg << mop (20). This 
value is in good agreement with the mode pro- 
file obtained from the Euler-Bernoulli equation 
(Fig. 3G) and is smaller than that of an equiv- 
alent 2D localized mode by roughly two orders of 
magnitude. 

In accordance with Eq. 3, we also observed a 
marked increase in the Q of localized modes. To 
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Fig. 2. Strain-engineered 1D phononic crystals. (A) Scanning electron microscopy (SEM) image of a tapered PnC nanobeam, vertically scaled for 
perspective. (B) Width/stress profile and defect mode shape of a device with 60 unit cells. (©) Thermal displacement spectrum of 4-mm-long devices. 
Band gaps are highlighted in orange. (D) Width/stress profiles of the devices in (C). (E) Simulation of peak stress versus band gap frequency fpg for 
the devices shown in (D). (F) Measurements of fpg versus length of the central unit cell (parameterizing the taper length). Red and blue lines are models 
with and without accounting for stress localization, respectively (see text). 


Ghadimi et al., Science 360, 764-768 (2018) 


18 May 2018 


2 of 5 


8L0z ‘og Aew uo /Bio Beweoualos soua!0s//:d}jjy WO papeojuMOGg 


RESEARCH | REPORT 


A B D 
y 
\ =, 
Lit > 
2 
kes 2 
w(x) 


Fig. 3. “Soft-clamped” 1D nanomechanical resonators. (A) Schematic 
of a phononic crystal nanobeam with central defect. See text for details. 

(B) SEM image of a unit cell. (©) Optical image of a sample chip with 76 beams, 
each with a different defect length. (D) Band diagram showing in-plane (||) 
and out-of-plane (1) normal modes of a unit cell. (E) Displacement spectrum 
(blue) of a single beam, scaled to the theoretical root mean square thermal 
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displacement of the defect mode, 


visualize this enhancement, we compiled mea- 
surements of Q versus mode frequency for 
40 beams of different defect length (Fig. 3G). 
Outside the band gap, we find that Q(/) is con- 
sistent with that of a uniform beam, asymptot- 
ing at low mode order (n < ~20) to Q = 2 x 10’, 
implying Qo ~ 2AQ = 1500. Inside the band gap 
(n = 26), Q approaches that of an idealized 
clamp-free beam [Q = Qo/(nnd)* = 10°]. The 
transition between these two regimes agrees 
well with a full model (gray dots in Fig. 3G) based 
on Eq. 1. In Fig. 4A we highlight the 19-s ring- 
down of a 2.46-MHz defect mode, correspond- 
ing to Q = 15 x 10° and Q x f = 3.7 x 10" Hz. 

Having established near-ideal soft-clamping 
of uniform nanobeams, we next studied the per- 
formance of strain-engineered (tapered) nano- 
beams. A set of 4- and 7-mm-long tapered PnC 
nanobeams was fabricated with the length of the 
taper varied so as to tune the stress at the center 
of the beam o(7,) from 2 to 4 GPa (Fig. 2, D and E). 
We note that for our tapering strategy, the width 
of the beam center w(2,) is fixed, so that the stress 
is tuned by changing the equilibrium tension T 
(20). Moreover, for each taper length the soft- 
clamped mode is engineered to be well localized 
inside the thin taper region by tuning the pitch of 
unit cells. Measurements of band gap frequency 
Jpg Versus length of the central unit cell length 
Lo (parameterizing the taper length) corrob- 
orate enhanced stress through correspondence 
with the theoretical scaling fie © \/ (Xe) /Leo 
(Fig. 2E). 

The Q factors of uniform and tapered PnC 
nanobeams are compared in Fig. 4. Blue circles 
correspond to the measurements in Fig. 3G; red 
circles are compiled for localized modes of 4-mm- 
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long tapered beams with various peak stresses, 
corresponding to fpg = 1 to 6 MHz. According to a 
full model (20), Q(f,,) should in principle trace 
out a line of constant Q x f= 10" Hz, exceeding 
the clamp-free limit of a uniform beam (Q x f 
1/f) for sufficiently high frequency. We observe 
this behavior with an unexplained ~30% reduc- 
tion, with Q factors exceeding the clamp-free 
model by a factor of up to 3 and reaching abso- 
lute values high as 3 x 10°. Although theoretical- 
ly this Q should be accessible by soft-clamping 
alone at lower frequency, our strain-engineering 
strategy gives access to higher Q x f, reaching a 
value as high as 8.1 x 10“ Hz for the 3.2-MHz 
mode of a 4-mm-long device. Higher Q and Q x f 
factors were achieved using longer beams (red 
squares in Fig. 4). In Fig. 4A we highlight the 
190-s ringdown of a 7-mm-long device excited 
in its 1.33-MHz defect mode, corresponding to 
Q = 8.0 x 10° and Q x f=1.1 x 10” Hz. We note 
that at this low damping rate (//Q ~ 1 mHz), 
photothermal effects become important. Stro- 
boscopic ringdowns (Fig. 4, A and B) confirm 
that photothermal damping contributes less 
than 5% uncertainty (20). 

Realization of Q x f ~ 10” in a mechanical 
oscillator with m on the order of picograms has 
numerous intriguing implications. First, such 
an oscillator is an exquisite force sensor. For 
example, localized modes of the beam outlined in 
Fig. 3 are limited by thermal noise to a sensitivity 
of \/8nkgTmf /Q = 3(aN/VHz) at f ~ 2.5 MHz 
and T = 300 K. This value is on par with a typical 
atomic force microscope cantilever operating at 
a frequency and absolute temperature two orders 
of magnitude lower (22), creating new oppor- 
tunities for applications such as high-speed 


18 May 2018 


10? 10° 10? G a 
* WWW 
e @ WWW 
oe WWW WWW 
e Vi 
\ ee? Sinn 
‘i @° ean 

at 
e cog ® Ww 
ove WaMu 
..* Ww 
e WAVAVAVAVAVAVAVAYZ 
° 8 AN 
ee VAVAVAN AVA) 
lee SSDI 
Pee DIN? 
. 48 oo 

1 10 1000 40 60 80 10’ 10° 

Wavenumber Displacement [pm] L, [um] Quality Factor u(x) 


effective mass coefficients m/mg (red circles) inferred from the area 
beneath noise peaks. The gray curve is a model based on mode shapes in 
(H), used to estimate mg = 5 pm (20). (F) Frequency spectra of multiple 
beams with different defect lengths. Black lines are a solution to the 
Euler-Bernoulli equation. (@) Compilation of Q measurements for a 

subset of the modes in (F), overlaid with a model based on Eq. 1. (H) Mode 
shapes obtained from the Euler-Bernoulli equation. 


force microscopy (23). Of practical importance 
is that the reported devices also exhibit an 
exceptionally strong thermal displacement of 
J kgTQ/ (403 mf?) ~ nm/V/Hz, accessible by 
rudimentary detection techniques such as de- 
flectometry. Indeed, their zero-point motion 
V/hQ/(27?2mf?) ~ pm//Hz is orders of mag- 
nitude larger than the sensitivity of modern 
microcavity-based optical interferometers (24), 
offering possibilities in the field of quantum mea- 
surement and control (25). A fascinating pros- 
pect is to use measurement-based feedback to 
cool such an oscillator to its ground state from 
room temperature (26). A basic requirement is 
that the oscillator undergo a single oscillation in 
the thermal decoherence time ?Q/k,T. The de- 
vices reported are exceptional in this respect, 
capable of performing (27Q x f)/(Kg7/h) > 100 
coherent oscillations at room temperature. 
Looking forward, the performance of our de- 
vices seems far from exhausted. First, the dilu- 
tion factors we have achieved are still an order 
of magnitude below the limit set by the yield 
stress of SizN4. Our results may thus benefit from 
more aggressive strain engineering. [For ex- 
ample, Si microbridges have been fabricated 
with local stresses as high as 7.6 GPa (/4).] We 
also emphasize that higher aspect ratios offer 
a direct route to higher Q. The aspect ratios of 
our longest beams (L/h = 3.5 x 10°) appear to 
be anomalously high for a suspended thin film, 
including 2D materials (27); however, SiN, 
membranes with centimeter-scale dimensions 
have recently been reported (28), hinting at a 
trend toward more extreme devices. Finally, 
we note that the source of intrinsic loss in our 
devices is unknown, although it is likely due to 
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Fig. 4. Enhancing the quality factor of a soft-clamped nanobeam by 
strain engineering. (A) Interferometric ringdown of a 7-mm-long, 
20-nm-thick tapered PnC nanobeam excited in its 1.33-MHz defect 
mode (pink). Dotted line is an exponential fit with a decay time of 190 s. 
The inferred Q of 8.0 x 10° is indicated by a red star in (C). Overlaid is 
a stroboscopic ringdown with measurement-on and measurement-off 
intervals in red and gray, respectively. (B) Fits to stroboscopic 
ringdowns with different duty cycles yield the same Q to within 5%, 
suggesting that photothermal damping is negligi 


surface imperfections (17). To test this hypoth- 
esis, we compiled defect Qs for beams with 
thicknesses h = 20, 50, and 100 nm (Fig. 4D). 
The inferred thickness dependence of the intrin- 
sic Q, Qo ~ 6900 - h/100 nm, is indeed a signature 
of surface loss and agrees well in absolute terms 
with a recent meta-study on Siz;N4 nanomechan- 
ical resonators (17). Remarkably, the Q ° Qo/h? 
scaling of soft-clamped resonators (8) preserves 
the advantage of thinner devices even in the pres- 
ence of surface loss. It therefore seems appeal- 
ing to apply our approach to epitaxially strained 
crystalline thin films (29), which can have Qo 
values two orders of magnitude larger than amor- 
phous films at temperatures below 10 K (30). 
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LIQUID CRYSTALS 


Hybrid molecular-colloidal 


liquid crystals 


Haridas Mundoor,’ Sungoh Park,’ Bohdan Senyuk,* 


Henricus H. Wensink,” Ivan I. Smalyukh??** 


Order and fluidity often coexist, with examples ranging from biological membranes to 
liquid crystals, but the symmetry of these soft-matter systems is typically higher than that 
of the constituent building blocks. We dispersed micrometer-long inorganic colloidal rods 
in a nematic liquid crystalline fluid of molecular rods. Both types of uniaxial building 
blocks, while freely diffusing, interact to form an orthorhombic nematic fluid, in which 
like-sized rods are roughly parallel to each other and the molecular ordering direction is 
orthogonal to that of colloidal rods. A coarse-grained model explains the experimental 
temperature-concentration phase diagram with one biaxial and two uniaxial nematic 
phases, as well as the orientational distributions of rods. Displaying properties of biaxial 
optical crystals, these hybrid molecular-colloidal fluids can be switched by electric and 


magnetic fields. 


vast variety of anisotropic building blocks, 
such as organic molecules, filamentous 
viruses, and graphene flakes, self-organize 
to form nematic liquid crystals (NLCs) (J). 
NLCs can flow because of the lack of cor- 
relation in positions of their freely diffusing 
building blocks, such as rodlike molecules (1). 
However, the long-range average orientational 
order of such rods along a direction dubbed 
“director” yields anisotropic properties typi- 
cally associated with crystalline solids (1). These 
nonpolar uniaxial NLCs exhibit the D.,, point 
group symmetry, but fluidity and order could 
also coexist in fundamentally different ways 
(1). The most sought-after structures are ortho- 
rhombic, optically biaxial NLCs, which were 
envisaged as nematic fluids of brick-shaped 
building blocks (2), with long-range orienta- 
tional order of both long and short axes of the 
bricks along the mutually orthogonal directors. 
Most strategies to realize such NLCs in micel- 
lar (3), small-molecule (4), polymeric (5), col- 
loidal (6), and other systems (7) relied on the 
designs of bricklike and other biaxial building 
blocks. We show that such biaxial NLCs can be 
formed by rodlike building blocks in a hybrid 
molecular-colloidal soft-matter system. 
Small-molecule NLCs are often used as host 
media to form colloidal dispersions (8). How- 
ever, colloidal particles are typically spheres or 
weakly shape-anisotropic rods and discs treated 
to induce strong boundary conditions to har- 
ness the elastic interactions for self-assembly 
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with well-defined relative positions and orienta- 
tions of anisotropic inclusions coupled to the 
nematic director (9-11). We used bare, charged 
inorganic colloidal nanorods with high aspect 
ratios; these nanorods spontaneously form their 
own nematic states when dispersed in both iso- 
tropic and nematic phases of the NLC host. The 
average direction of ordering of nanorods is 
orthogonal to that of the small molecules in the 
nematic phase (Fig. 1). Analytical modeling of 
interactions between colloidal rods and the an- 
isotropic molecular interactions at their surfaces 
explains the temperature-concentration phase 
diagram and experimental orientational distri- 
butions in the hybrid molecular-colloidal NLC. 
Within the orthorhombic phase, owing to aniso- 
tropic interactions, the molecular host induces 
a biaxial orientational distribution of the nano- 
rods, which, in turn, induce biaxiality in the 
molecular host. 

Hydrothermally synthesized (12) nanorods were 
pre-engineered for luminescence-based imaging 
of their orientations (73). The rods were treated 
with hydrochloric acid to achieve a length-to- 
diameter aspect ratio between 40 and 110 via 
slow etching (Fig. 1, B and C, and fig. S1) and then 
dispersed in a pentylcyanobiphenyl (5CB) NLC 
(13). These dispersions were infiltrated into glass 
cells (about 2.5 cm by 2.5 cm) with 10- to 60-um 
gap thickness or rectangular capillaries (0.2 mm 
by 2.0 mm). Monodomain NLC samples were 
obtained by treating the inner surfaces of cells 
and capillaries for perpendicular or tangential 
boundary conditions for the director n,, de- 
scribing the average orientation of molecules. 
Gravity and electrophoresis were used to con- 
centrate nanorods (13). Within dispersions, sur- 
faces of bare nanorods spontaneously induced 
weak perpendicular boundary conditions for n,,. 
Surface charging of individual nanorods was 
controlled within Z*e ~ +(50 to 250)e (where e is 
the elementary charge and Z* is the number of 
effective elementary charges on a nanorod’s 
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surface) and characterized by probing the elec- 
trophoretic mobility of the rods. Debye screen- 
ing length (Ep) in the nonpolar 5CB NLC was 
varied from 0.1 to 2.1 um. Phase diagrams for 
Ep = 120 nm and Z*e = +250e (13) showed no 
dependence on capillary or cell dimensions. 
Nanorods tend to orient orthogonally to n,, 
(Fig. 1). They induce weak elastic distortions of 
molecular alignment, in contrast to microparticles 
(11, 14), which induce bulk defects, but similar to 
other nanoparticles with soft perpendicular sur- 
face boundary conditions (15, 16) (Fig. 1D and fig. 
$2). To minimize the overall free energy, elastic 
distortions compete with the cost of deviations of 
n,, away from the local perpendicular boundary 
conditions at the particles’ surfaces (Fig. 1D) (13). 
The biaxial molecular-colloidal NLC (Fig. 1, A to E) 
arises from the host-mediated electrostatic and 
elastic interactions between nanorods at mod- 
estly high colloidal volume fractions 6,, which 
spontaneously select the direction of colloidal 
ordering n, from a manifold of orientations de- 
fined by a plane orthogonal to n,,. In a cell with 
N,, orthogonal to substrates (Fig. 1, E to G), n, 
spontaneously aligns parallel to substrates and 
its orientation can be controlled by electric and 
magnetic fields. In a cell with in-plane n,,, n, 
spontaneously aligns orthogonally to substrates 
(Fig. 1H) but can be switched to the in-plane ori- 
entation orthogonal to n,, by a 50- to 100-mT 
magnetic field normal to the substrates (Fig. 11) 
(13). Rotation of samples placed between crossed 
polarizers around n,, yields minima of transmitted 
intensity when n, is either parallel or perpen- 
dicular to crossed polarizers (Fig. 1F) and a 
maximum when n, is at 45° (Fig. 1G). Rotation 
around n, yields minima of transmitted inten- 
sity when n,, is parallel or perpendicular to 
polarizers (Fig. 1J) and a maximum when ny, is 
at 45° (Fig. 1K). Luminescence imaging (Fig. 1, 
E, H, and I, and movies S1 and S2) reveals that 
nanorods freely diffuse while exhibiting orien- 
tational order but no positional order (Fig. 1A). 
The biaxial D., orthorhombic symmetry of our 
molecular-colloidal NLC is characterized by a 
triplet of directors: n,,, M,, and n, orthogonal to 
both n,, and n, (Fig. 2). Nanorods are uniaxial 
solid nanocrystals with an optical axis along their 
long axis and extraordinary and ordinary refrac- 
tive indices NV. = 1.46 and N,, = 1.49 (17). In the 
absence of colloidal inclusions, the molecular host 
is also a uniaxial crystal with indices N.., = 1.74 
and Nom = 1.54 (18). However, the molecular- 
colloidal composite NLC is a biaxial optical crystal 
with three principal refractive indices and an op- 
tical indicatrix (Fig. 2B). These emergent proper- 
ties arise both from the orthogonal alignment of 
n,, and n, and also from the low symmetry of 
orientational distributions of molecular and 
colloidal rods due to anisotropic interactions 
between them (e.g., colloidal rods locally per- 
turb orientations of molecular rods, as shown 
in Figs. 1D and 2A). Using a Berek compensator 
inserted between crossed polarizers after the 
NLC in the geometries depicted in Fig. 1, G and 
K, we measured the two characteristic optical 
anisotropies of the biaxial NLC at different ©,: 
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Fig. 1. Structure and characterization of an 
orthorhombic biaxial NLC. (A) Schematic 
representation of the hybrid molecular-colloidal 
NLC, with the insets showing (top right) molec- 
ular ordering and (bottom right) chemical 
structure of a 5CB molecule. (B and C) Trans- 
mission electron micrographs of nanorods 

(B) before and (C) after acid treatment. 

(D) Schematic representation of distortions of 
the molecular alignment around a nanorod 
with soft perpendicular boundary conditions. 
(E) Upconversion-based luminescence confocal 
microscopy image of the nanorods, showing 
their alignment along n., orthogonal to n,,. 

(F and G) Polarizing optical micrographs of a 
biaxial NLC between crossed polarizer P and 
analyzer A when n, is at (F) 0° and (G) 45° with 
respect to P. (H and I) Confocal luminescence 
images of nanorods in a biaxial NLC when 

the particles are (H) aligned perpendicular 

to n,, and then (1) switched with a magnetic 
field B applied perpendicular to n,, and 
substrates. (J and K) Polarizing optical micro- 
graph of a biaxial NLC viewed between 

crossed polarizers when n,, is at (J) O° and 
(K) 45° with respect to P. 
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Cc Fig. 2. Optical properties and conoscopic 
images of a biaxial NLC. (A) Schematic repre- 
15 sentation of a coarse-grained building block of the 
NLC formed by a nanorod in a molecular nematic 
10 host. Three double arrows (red, green, and blue) 
2a depict the triplet of directors. (B) Optical indica- 
| trix of a biaxial NLC with orthorhombic symmetry. 
7 The optical axes, at an angle B to each other, 
are designated “OA” and confined to the plane 
formed by n, and n,,. (C) Experimental (black 
circles) and computer-simulated (red line) inten- 
sity profiles along the red lines in the conoscopy 
images shown in (F) and (G), respectively. a.u., 
arbitrary units. (D to G) Conoscopy images 
obtained experimentally [(D) and (F)] and via 
computer simulations [(E) and (G)] for the 
orientations of the plane containing the two 
optical axes parallel to the polarizer P [(D) and 
(E)] and at 45° to it [(F) and (G)], as marked on 
the images. A, analyzer. The ratio a/R = 0.059 
(where 2a is the closest distance between split 
isogyres and R is the radius of the conoscopic 
image) obtained from the images is consistent 
with refractive index measurements (13). 
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AN>, = No — N; = (0.4 to 1.1) x 10°? and AN3; = 
Nz — N, = 0.2. Values of AN3; >> ANo are com- 
mon for biaxial optical crystals in both solid- 
state (19) and soft-matter (7, 20) systems, where 
typical biaxial birefringence is ~10~*. Experi- 
mental conoscopic images, produced by optical 


interference of diverging light rays traveling 
through a biaxial NLC (79), match the ones sim- 
ulated with the use of separately measured AN2, 
and AN; (Fig. 2, D to G). For n,, along the mi- 
croscope’s axis and the NLC’s plane contain- 
ing optical axes oriented at 45° to the crossed 
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Fig. 3. Phase diagram of a hybrid molecular-colloidal NLC. (A) Confocal luminescence image of 
nanorods in 5CB at o, = 0.054% at room temperature. (B) f.(6,@) versus 6 and @ at 6, = 0.025%, 
obtained by normalizing the maximum values of functions that fit experimental distributions. 

C) Phase diagram of the hybrid molecular-colloidal system exhibiting uniaxial nematic, isotropic, 
biaxial nematic, and colloidal uniaxial phases. The inset is a confocal luminescence image of 
nanorods in a disordered state at ¢,=0.1% and T = 38°C. Red arrows indicate confocal luminescence 
images corresponding to different parts of the diagram. Dashed vertical lines denote theoretical 
predictions for .yg and 6,iy. (D) Confocal luminescence image of the colloidal uniaxial nematic state 
formed by nanorods at @, = 0.272% and T = 40°C. (E) Confocal luminescence image showing 
nanorods in the biaxial phase at o, = 0.172% at room temperature. 
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Fig. 4. Order parameters and orientational distributions. (A) S,,, versus T for pure 5CB (black squares) 
and S,, (red circles) and A,, (red triangles) for a biaxial phase at @, = 0.17% characterized by using 
Raman spectroscopy (13). (B) f-(8,@) versus angles @ (blue symbols) and @ (red symbols) describing 
orientations of nanorods in a biaxial phase at 6, = 0.176% and T = 275°C. (C) Dependencies of A, (black 
squares) and S, (blue curve) on temperature at 6, = 0.17% and variation of A. (red squares) with 6, at 
room temperature. Arrows indicate the vertical axes corresponding to the curves. (D) f.(8,@) versus @ at 
room temperature and 6, = 0.17% (black squares), 0.14% (red circles), and 0.13% (blue triangles). (E) 
f,(0, P) versus @ at 6, = 0.17% and T = 27.5°C (black squares), 30°C (red circles), and 33°C (blue triangles). 
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polarizers, conoscopic patterns of birefringent 
colors display splitting of dark bands (isogyres) 
characteristic of biaxial crystals (Fig. 2, C, F, and 
G) (7, 19), producing an estimate of the angle B = 
5.9° between the optical axes. 

In addition to the biaxial state, the temperature- 
concentration phase diagram exhibits isotropic 
and two uniaxial phases, as well as two-phase co- 
existence regions (Fig. 3). At low o, and tem- 
peratures T, nanorods orient randomly in a plane 
orthogonal to n,, while retaining D.., point group 
symmetry of the dispersion (Fig. 3, A to C), but 
there is a phase transition to the biaxial phase at 
bo = cup ¥ 0.15% (where $,ypz is the volume frac- 
tion at the uniaxial-to-biaxial transition). The 
temperature of the order-disorder transition for 
molecular rods of the nematic host (7*) decreases 
only slightly with increasing , up to 0.3% as 
compared with 7T* ~ 35.3°C of pristine 5CB (Fig. 
3C). At T > T*, the dispersion exhibits a transition 
from isotropic to uniaxial nematic phase at 
bo = ben ¥ 0.26% (where $,py is the volume frac- 
tion at the isotropic-to-nematic transition) (Fig. 
3, C and D), as predicted by the Onsager’s theory 
(21) with the electrostatic effects taken into ac- 
count (13, 22). Two-phase coexistence regions 
appear at the high-T isotropic-uniaxial and low-T 
uniaxial-biaxial transitions (Fig. 3C). Lumines- 
cence imaging of nanorods reveals their orienta- 
tions in different phases and geometries (Fig. 3 
and fig. S2) and that n, spontaneously aligns nor- 
mally to the confining plates in the high-T uniaxial 
phase (Fig. 3D and movie S3) but is always or- 
thogonal to n,, within the low-T biaxial phase, 
even when this forces n, to be parallel to substrates 
(Fig. 3E). 

We separately characterize orientational distri- 
bution functions f.., that quantify probabilities 
of different orientations of colloids and mole- 
cules (denoted by “c” and “m”) (Fig. 4). From the 
experimental f.m, we extract order parameters 
Sem and Acm associated with colloidal and mo- 
lecular rods to quantify their degree of ordering 
and biaxiality, respectively 


Sem = Jo 4:0) 4(c086) fomn(@, )Pa(cos®) (1) 


Kon = i; dip) 4€(c080)fm(6, ~)D(8,@) (2) 


where 0 and @ are polar and azimuthal angles, 
respectively, describing molecular or colloidal ori- 
entations defined with respect to My; P2(cos®) = 
1(3cos?6 — 1); and D(@, ~) = sin?@cos2@. Using 
polarized Raman spectroscopy (fig. S3), we find 
that S,, in the biaxial phase is slightly lower 
than S,, of pristine 5CB (Fig. 4A). Moreover, 
the nanorod-induced biaxiality A,, = 0.01 to 0.04 
shows a trend of increasing with T, opposite to 
that of S,,, though both parameters abruptly drop 
to zero at T* (Fig. 4A). These findings are con- 
sistent with polarized three-photon-absorption- 
based fluorescence from the biphenyl groups 
of molecules characterized for both pure 5CB 
and the biaxial phase of the hybrid NLC (fig. 
$4). Direct luminescence imaging of nanorods 
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reveals their biaxial orientational distributions 
at different T and 9, (Fig. 4, B to E), as well as 
facile electric and magnetic switching of n, 
(fig. S5). In the vicinity of o,yg, we detected only 
small changes of S, ~ -0.49 but find that A, 
jumps from zero to ~0.6 at 6, = 0.12% (in the 
beginning of the two-phase coexistence) and 
then increases with $, to ~0.95 at 6, > 0.16% 
in the biaxial phase (Fig. 4C). Orientational dis- 
tribution functions are biaxial for both molecular 
and colloidal rods, though biaxiality of colloidal 
ordering is much stronger than the weak in- 
duced biaxiality in molecular ordering (Fig. 4). 
The biaxial NLC is not merely a superposition 
of two uniaxial nematic molecular and colloi- 
dal states with orthogonal ordering directions. 
Anisotropic molecular interactions at interfaces 
of orientationally ordered nanorods lift the uni- 
axial symmetry of molecular order and, simul- 
taneously, induce biaxiality in the distribution of 
colloidal nanorod orientations. Tensorial order 
parameters describing this behavior of molecules 
and colloids, Qm.¢ = diag{Sine)(Am,e — Sm,c)/2, 
—(Ame + Smc)/2}, determine physical properties— 
such as the optical anisotropies characterized in 
Figs. 1 and 2—of the biaxial NLC. 

Nematic order of pure 5CB emerges from 
anisotropic van der Waals interactions between 
molecules (7), which are barely affected by the 
addition of nanorods, so that 7* decreases by 
only ~1°C with increasing 6, < 0.3% (Fig. 3C). 
The isotropic-nematic transition of charged 
nanorods with an effective aspect ratio Jeg wpon 
increasing , at T > T* due to electrostatic- 
modified steric interactions is also well under- 
stood (21, 22). Above dn * 4/letr, consistent 
with the Onsager’s theory, this order emerges 
upon maximizing the overall entropy of nano- 
rods, which (despite lowering the number of 
states associated with rotational degrees of 
freedom) corresponds to an orientationally 
ordered state with low excluded volume and, 
thus, a large number of positional states acces- 
sible to nanorods. At T < T* and & > up, 
nanorods align with long axes, on average, 
orthogonal to n,, to minimize the free energy 
of the molecular nematic host (23, 24). The 
scalar order parameter S, ~ —0.49 (13), obtained 
from the experimental orientational distribu- 
tion, is consistent with a model describing the 
anisotropic orientational distribution of nano- 
rods in the presence of an aligning potential 
due to the nematic host (23, 24). By bringing 
individual nanorods within highly dilute dis- 
persions near each other using laser tweezers, 
we find that they interact repulsively (fig. S6 
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and movie S4), showing no correlations in terms 
of their relative positions or orientations, which 
suggests that the colloidal ordering along 
Nn, at >. > dyg emerges from Onsager-type 
collective behavior, though modified by direct 
interactions of nanorods with the nematic host 
and electrostatic repulsions. Because nanorod 
orientations in a molecular nematic host are 
effectively constrained to the plane orthogonal 
to Np, their degrees of freedom are reduced 
compared with those of isotropic hosts, so 
that ordering along n, emerges at o.yg < %en 
(Fig. 3C). For nanorods with soft bound- 
ary conditions, the orientational distribution 
function f. derived using these assumptions 
reads (13) 


Fe(9, o)een| (3 beletp Se — c) Ps(c0s0) x 


15 
[r+ FFelenAD(0,0)| (8) 


where o is a dimensionless parameter describ- 
ing the strength of nanorod interaction with 
the molecular nematic host. The order param- 
eters S, and A, are determined from fitting 
experimental data (Fig. 4B). This yields Onsager- 
type ordering along n, at d.yg * 32[1 + 2/(30)|/ 
(15/eg¢). Since o is large even in the limit of 
weak boundary conditions on nanorod surfaces, 
doug * 32/(15_ete), So thato ony / boyz * 1.9. Despite 
many assumptions and neglecting the anisot- 
ropy of dielectric constants within the NLC, 
which modifies electrostatic interactions, the 
prediction 6. y/.yg * 1.9 and the values of 
dc and .yz agree with those experimentally 
determined for independently measured Z*e, 
Ep, and other parameters (Fig. 3C and figs. S7 
to S9) (25, 26). 

We have described a hybrid molecular-colloidal 
soft-matter system with orthorhombic biaxial ori- 
entational order and fluidity. Formed solely from 
uniaxial rodlike building blocks, this molecular- 
colloidal complex fluid features an unexpected 
self-organization into a biaxial NLC with the D,, 
point group symmetry. 
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INORGANIC MATERIALS 


Extraordinary plasticity of an inorganic 
semiconductor in darkness 


Yu Oshima,’ Atsutomo Nakamura,’* Katsuyuki Matsunaga’?* 


Inorganic semiconductors generally tend to fail in a brittle manner. Here, we report that 
extraordinary “plasticity” can take place in an inorganic semiconductor if the deformation is 
carried out “in complete darkness.” Room-temperature deformation tests of zinc sulfide 
(ZnS) were performed under varying light conditions. ZnS crystals immediately fractured 
when they deformed under light irradiation. In contrast, it was found that ZnS crystals can 
be plastically deformed up to a deformation strain of ¢ = 45% in complete darkness. In 
addition, the optical bandgap of the deformed ZnS crystals was distinctly decreased after 
deformation. These results suggest that dislocations in ZnS become mobile in complete 
darkness and that multiplied dislocations can affect the optical bandgap over the whole crystal. 
Inorganic semiconductors are not necessarily intrinsically brittle. 


evelopment of shapeable high-strength 
materials has been essential to the improve- 
ment of advanced civilizations. Therefore, 
from an historical perspective, we have a 
broad interest in how materials deform 
and why materials exhibit failure. Inorganic 
semiconducting materials tend to fail in a brittle 
manner when subjected to an external force ex- 


strong ionic and/or directional covalent bonds 
of inorganic semiconductors. However, easily 
shapeable strong and tough inorganic semi- 
conductors are required as smart electronic com- 
ponents in a variety of electronic applications are 
becoming increasingly important (2-4). Because 
the poor mechanical properties of inorganic 
semiconductors limit their application range, it 


is of interest to understand how such materials 
deform and why they exhibit brittle failure. The 


ceeding their fracture strength (J, 2). The brit- 
tleness is generally thought to originate from 
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Fig. 1. Characterizations of plastic deformation. (A) Stress-strain curves of ZnS single crystals 
under white or UV light (365 nm) or in complete darkness. (B) An undeformed specimen. (C and D) The 
specimens deformed under (C) white light-emitting diode (LED) light and (D) UV LED light (365 nm). 
(E to G) The specimens deformed up to (E) e; = 11%, (F) e, = 25%, and (G) e, = 35% in complete 
darkness. (H) A stress-strain curve obtained by a deformation in complete darkness up to e& = 10% 
and the subsequent deformation under UV light. 
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plastic deformation properties of crystalline in- 
organic materials are controlled by motion of 
dislocations, which are topological line defects 
in crystals (5). Recently, dislocations have become 
of interest because they can be used to induce 
characteristic functional properties that are not 
found in bulk (6-10). On the other hand, fracture 
properties of crystalline materials are controlled 
by nucleation and extension of microcracks. 

Electrons and holes can be excited in semi- 
conducting materials when irradiated using light 
having the appropriate wavelength (77). These 
photoexcited electrons and holes will in turn af- 
fect the electrical properties of semiconducting 
materials, which then can exhibit electric con- 
ductivity. However, little is known about the 
influence of light irradiation on the brittle char- 
acter of semiconducting materials. In particular, 
plasticity (12, 13) in complete darkness without 
light exposure has not been taken into consid- 
eration so far. This paper focused on the me- 
chanical strength and fracture properties in 
complete darkness concerning the cubic form 
of sphalerite ZnS, a representative II-VI semi- 
conductor. This is in part because large-size 
single crystals suitable for deformation tests are 
readily available for ZnS. ZnS is used as a lumi- 
nescent material (74), an infrared optical material 
(15), and a photocatalyst (76) due to its electric 
and optical properties having a bandgap, £,, in 
the range 3.6 to 3.7 eV (1, 17). We performed 
room-temperature deformation tests on single- 
crystal ZnS samples (fig. S1) under controlled light 
conditions, after which the deformation sub- 
structure was characterized using a combination 
of optical microscopy, conventional transmission 
electron microscopy (CTEM), and scanning trans- 
mission electron microscopy (STEM). The light- 
absorption properties were also evaluated using 
a spectrophotometer. (1/8) We found extraordi- 
nary plasticity of ZnS when deformed in com- 
plete darkness, as well as a drastic decrease in 
the optical bandgap. 

Figure 1A shows stress-strain curves obtained 
during deformation tests under different con- 
ditions: white light (sample C), ultraviolet (UV) 
light (sample D), and in complete darkness 
(samples E, F, and G after varying deformation 
strain). Specimens fractured immediately after 
yielding during plastic deformation under white 
and UV light conditions. This behavior is ex- 
pected because inorganic semiconductors are 
brittle. Conversely, it was found that specimens 
undergoing plastic deformation in complete dark- 
ness result in stable plastic deformation up to a 
deformation strain of ¢, = 45%, with limited 
work-hardening rates. In addition, the flow 
stress was smaller in samples deformed in com- 
plete darkness compared with samples deformed 
under white and UV light. (See supplementary 
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text 1 and 2 with figs. S2 to S4 for other char- 
acteristics of deformation in complete darkness.) 
Thus, specimens exhibited extraordinary plastic- 
ity without fracture when deformed in complete 
darkness, despite the fact that inorganic semi- 
conductors are brittle when deformed under 
regular light conditions. Figure 1, B to G, shows 
the shapes, surface morphologies, and colors of 
an undeformed specimen and the deformed 
specimens. It can be seen that distinct slip lines 
and an evidence of deformation twinning appear 
on the surfaces of the specimens deformed under 
white and UV light conditions (Fig. 1, C and D), 
whereas faint fine slip lines appear in samples 
deformed in complete darkness (Fig. 1, E to G). 
(See supplementary text 3 with fig. S5 for the 
detailed topographic structures of the surfaces.) 
The difference in the surface morphologies sug- 
gests that the deformation mechanism is dif- 
ferent depending on the light condition. It was 
also found that the color of samples deformed 
in complete darkness gradually changed from 
colorless to orange as a function of the deforma- 
tion strain, suggesting that the optical bandgap 
of the specimens depends on the deformation 
strain. The effect of light exposure on the frac- 
ture property is also demonstrated in Fig. 1H, 
showing a sample first deformed in complete 
darkness and, after about 10% deformation 
strain, being exposed to UV light, leading to 
brittle failure. It can be seen that the enhanced 
plasticity in complete darkness is easily reversed 
to the ordinary brittle behavior by deformation 
under UV light conditions. 

Figure 2A shows the light-absorption charac- 
teristics of an undeformed specimen and speci- 
mens deformed to ¢€; = 11, 25, and 35% plastic 
strain in complete darkness. Given that ZnS is 
a direct transition semiconductor (J, 17, 19), the 
optical bandgaps of the undeformed specimen 
and the specimen deformed up to & = 35% 
plastic strain in complete darkness are estimated 
to be 3.52 eV and 2.92 eV, respectively. Figure 2B 
shows a shift in optical bandgap as a function of 
deformation strain. It is notable that the optical 
bandgap was lowered by 0.6 eV due to plastic 
deformation of ¢, = 35% in complete darkness. 
This shift could be due to dislocations introduced 
in the deformed specimens because the disloca- 
tion cores could have different band structures 
(20-22) with respect to the dislocation-free re- 
gion. In fact, density functional theory (DFT) 
calculations (Fig. 3, A and B) [see materials and 
methods 2 with figs. S6 and S7 (18)] showed that 
calculated bandgaps of the perfect crystal of 
ZnS and the dislocation-core region are 2.72 eV 
and 1.88 eV, respectively. The bandgap of the 
dislocation-core region was lower by 0.84 eV 
than that in the perfect crystal. This trend corre- 
sponds well to the observed shift of optical 
bandgap by plastic deformation, although under- 
estimation of the bandgaps is a general feature 
of standard DFT calculations. The bandgap nar- 
rowing can be explained by formation of extra 
energy levels at the bandgap edge in the pres- 
ence of dislocations. The further bandgap shift 
and the shape change in the bandgap edge 
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Fig. 2. Light-absorption characteristics. (A) An undeformed specimen and the specimens deformed 
up to e, = 11%, 25%, and 35% in complete darkness. Here the a and E in the vertical axis of (a£)* 
represent the absorption coefficient and the photon energy, respectively. (B) A shift in optical bandgap 


as a function of deformation strain. 
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with rising strain may arise from dislocation 
multiplication. 

Figure 4, A and B, shows bright-field STEM 
images for the undeformed specimen and the 
specimen deformed in complete darkness up 
to a plastic strain of e, = 25%, respectively. It 
can be seen that the dislocation density before 
plastic deformation is considerably lower (less 
than 1 x 10’ cm”), whereas that of the deformed 
specimen at €, = 25% increased up to as large as 
5 x 10° cm. Conventional electron diffraction 
contrast imaging (see supplementary text 4 with 
fig. S8) indicated that dislocations in the speci- 
mens have the Burgers vector of 5 (O11) on the 
{11} primary slip plane. Because the dislocation 
density was further raised up to a plastic strain 


Fig. 3. Characteristic band 
structure at the dislocation 
core. (A) Density of states 
(DOS) around the valence band 
obtained by DFT calculations 

for the perfect bulk. (B) DOS for 
the dislocation-core region. 


of €; = 35%, the plastic deformation in complete 
darkness is caused by glide and multiplication 
of dislocations belonging to the primary slip 
system. Also, since the grown-in dislocation 
substructure in undeformed specimens has a 
low density of dislocations, the shift in the op- 
tical bandgap results from the multiplied dis- 
locations. In contrast, it was found that the 
specimens deformed under light irradiation 
accompany a number of twins (Fig. 4, C and D, 
and fig. S5, A to C), suggesting that the plastic 
deformation under light irradiation involves de- 
formation twinning. 

The different plastic deformation behaviors 
with or without light irradiation should be closely 
related to dislocation characters. Dislocations 
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Fig. 4. Characterizations of micro- 
structures in undeformed and 
deformed specimens. (A and B) Typ- 
ical bright-field STEM images of an 
undeformed specimen and the 
specimen deformed in complete dark- 
ness up to e¢ = 25%, respectively. The 
images in (A) and (B) were obtained 
using UHVEM (JEOL JEM-1OOOKRS, 
1000 kV), which makes it possible to 
observe large areas of dislocation 
substructure at low magnification. 
(C) A bright-field TEM image of 

a twinning region in the specimen 
deformed up to e; = 2.0% under UV 
light. (D) A typical high-angle annular 
dark field STEM (HAADF-STEM) 


image of a crystal twin in the same specimen as in (C). The image in (D) was obtained using an atomic resolution electron microscope equipped 
with a spherical aberration corrector (JEOL JEM-ARM200F, 200 kV). 


induced in ZnS in darkness dissociate into two 
partial dislocations (see supplementary text 4). 
Glide motion ofa set of the two partials can bring 
about large slip deformations, as observed in 
darkness. In contrast, when one of the partials 
is much more mobile than the other, ZnS can 
undergo deformation twinning (23) (see supple- 
mentary text 5 with fig. S9). 

As stated above, dislocation cores in ZnS 
have a smaller bandgap than the dislocation-free 
region, and accordingly electrons or holes ex- 
cited by light irradiation can be trapped at extra 
energy levels around the bandgap edge of the 
dislocation cores. Consequently, the partial dis- 
locations can be negatively or positively charged 
by electrons or holes. A charge state of each 
partial likely depends on its detailed atomic 
structure at the core (see supplementary text 5). 
Additionally, since motion of a charged disloca- 
tion corresponds to local charge transportation 
(5), the dislocation mobility may be limited by 
dragging of the surrounding charge cloud com- 
pensating the dislocation charge (24). There- 
fore, different charge states of the two partial 
dislocations in ZnS can cause a large difference 
in their mobilities, resulting in the observed 
deformation twinning. In some inorganic semi- 
conductors, in fact, the hardness and flow de- 
formation stress were reported to be influenced 
by photons (25-31), the so-called photoplastic 
effect, but the previous studies were not aware 
of the extraordinary plasticity under the non- 
lighting condition. 

In conclusion, it has been shown that cubic 
ZnS crystals deformed in complete darkness 
exhibit extraordinary plasticity even at room 
temperature. The reduced optical bandgap of the 
deformed crystals by 0.6 eV is thought to arise 
from the smaller bandgap at the dislocation core. 
Under light irradiation, on the other hand, the 
crystals immediately fractured after yielding. It 
is interesting to find out that the inorganic 
semiconductor can exhibit extraordinary plas- 
ticity when it deforms in complete darkness. 
This suggests that the mechanical strength and 
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fracture properties in inorganic semiconductors 
may be controlled by exposure to light. Addi- 
tionally, the behavior of dislocations plays a 
critical role in most synthesis and processing of 
crystalline materials—e.g., film synthesis and 
epitaxial crystal growth—and that such processes 
also could be affected by light exposure. 
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Imaging of nonlocal hot-electron 
energy dissipation via shot noise 


Qianchun Weng,”** Susumu Komiyama,’”** Le Yang,” Zhenghua An,”’*+ 
Pingping Chen,’ Svend-Age Biehs,® Yusuke Kajihara,* Wei Lu't 


In modern microelectronic devices, hot electrons accelerate, scatter, and dissipate energy 
in nanoscale dimensions. Despite recent progress in nanothermometry, direct real-space 
mapping of hot-electron energy dissipation is challenging because existing techniques 
are restricted to probing the lattice rather than the electrons. We realize electronic 
nanothermometry by measuring local current fluctuations, or shot noise, associated 
with ultrafast hot-electron kinetic processes (~21 terahertz). Exploiting a scanning and 
contact-free tungsten tip as a local noise probe, we directly visualize hot-electron 
distributions before their thermal equilibration with the host gallium arsenide/aluminium 
gallium arsenide crystal lattice. With nanoconstriction devices, we reveal unexpected 
nonlocal energy dissipation at room temperature, which is reminiscent of ballistic 
transport of low-temperature quantum conductors. 


n modern downscaled microelectronics, 

current-carrying charges are locally driven 

far from equilibrium, and the associated heat 

dissipation is seen as a major concern for fu- 

ture development (7). Optimizing nanoscale 
thermal management by understanding and con- 
trolling hot-carrier kinetics is needed to make 
progress in post-Moore-era nanoelectronics (J, 2). 
Particularly, understanding the mechanism of 
heat exchange between the electron and lattice 
systems is desirable in order to approach ideal 
device functionality (7-3). Meanwhile, the excess 
energy of hot electrons along with a variety of 
their rich interactions provide a number of prom- 
ising applications, such as hot luminescent light 
sources (4, 5), broadband photodetectors (6), high- 
ly efficient solar cells (7), thermoelectric devices 
(8), and plasmon-enhanced photochemistry (9). 
However, it remains extremely challenging to 
directly map hot electrons in real space with na- 
noscale resolution (10). Pump-probe techniques 
(11, 12) provide a powerful tool for probing ultra- 
fast transient phenomena with highest resolu- 
tions, both in spatial and temporal domains, but 
cannot be applied to study electronic devices in 
operating steady state. Sensitive nanothermom- 
etry techniques have been developed recently 
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such as scanning thermal microscope (13), micro- 
scopic Raman spectroscopy (14), and plasmon 
resonance microscopy (15). The effective tem- 
perature of nonequilibrium electrons, however, 
is difficult to access with these techniques be- 
cause electronic nanothermometry is fundamen- 
tally hindered by the fact that the heat capacity 
of electrons is intrinsically small: It is typically 
several orders of magnitude less than that of the 
lattice (16). Hot electrons are hence easily dis- 
turbed by probe-induced local heat flow in most 
of the nanothermometry techniques. 

As a sensitive probe of the electron system, we 
focus on current fluctuations induced by non- 
equilibrium electrons, or shot noise (17), which 
has proven to contain nanoscopic information of 
electron motion not obtained from standard re- 
sistance measurements (17-20). Despite decades 
of extensive studies, the real-space characteristics 
of shot noise have been unknown because the 
existing noise probes were physically immobile 
(21, 22). In addition, experiments have not been 
able to access noise frequencies higher than a few 
hundred gigahertz (20), which is far below the 
typical intrinsic scattering rate of hot electrons; 
thus, important signatures of ultrafast phenome- 
na have remained obscure. 

Here, we visualize hot electrons via shot noise 
by using a scattering type scanning near-field 
optical microscope (s-SNOM) (23-26) called the 
scanning noise microscope (SNoiM) [Fig. 1A and 
section 1 of (27)]. Current fluctuations induced 
by nonequilibrium electrons generate fluctuating 
electromagnetic (EM) evanescent fields on the 
material surface. In our SNoiM, a sharp metal tip 
scatters the fluctuating EM evanescent fields to 
be collected by a confocal microscope and de- 
tected with an ultrahighly sensitive sensor called 
a charge-sensitive infrared phototransistor (28). 
The frequency bandwidth of detection is w/2n = 
21.3 + 0.7 THz, which is well away from the sur- 
face phonon polariton resonance frequencies of 
the host crystal, so that the measurement is rel- 


atively insensitive to phonons. The spatial reso- 
lution of the image is ~50 nm. The fluctuating 
EM evanescent fields detected by SNoiM are, in 
general, excited not only by nonequilibrium cur- 
rent fluctuation (excess noise) (17) but also by 
thermal current fluctuation in thermal equilib- 
rium conditions (Nyquist noise) (22, 29): The ex- 
cess noise is specifically termed shot noise if it is 
caused by nonequilibrium charge carriers. The 
excellent imaging capability and sensitivity of 
SNoiM have been proven in recent experiments 
on metals (26). 

Below, we will call the signal coming from the 
tip-scattered EM evanescent fields the passive near- 
field (NF) signal. In the measurements, the small 
NF signal component has to be distinguished from 
a much stronger component associated with the 
unwanted far-field (FF) background radiation. 
To this end, two different methods were applied 
[section 1 of (27)]. In one method, the tip height 
is modulated at f = 5 Hz as a square wave al- 
ternating between h and h + Ah, where Ah = 
100 nm throughout this work. The difference 
signal, V.ie(2) — Veig(h + Ah), is obtained by de- 
modulating the detector output at fundamental 
frequency (5 Hz). This difference signal practi- 
cally equals the signal V,;.(2) at h because the NF 
signal intensity rapidly decreases with increasing 
hso that Vig(h + Ah) can be practically ignored 
for Ah = 100 nm. In the other method, the bias 
voltage applied to the device is modulated as 
a square wave alternating between 0 and Vy, at 
5 Hz, while the tip height / is not modulated, 
and the signal is obtained by demodulating the 
detector output at 5 Hz. 

We study small conductors harboring a quasi- 
two-dimensional electron gas (2DEG), in which 
energy injection can be highly localized in real 
space, making hot-electron effects explicit, as 
theoretically predicted (30). The devices with 
narrow constriction (Fig. 1B and fig. S2) are fab- 
ricated in a GaAs/AlGaAs quantum well structure 
with a 2DEG layer buried 13 nm below the surface 
[sections 2 and 3 of (27)]. Figure 1C shows a two- 
dimensional (2D) image of the NF signal inten- 
sity obtained through the tip-height modulation 
method with / = 10 nm and bias voltage of Vi, = 
+6 V. In and around the constriction, the region of 
high NF signal expands toward the downstream 
side of the electron flow (the positive voltage 
side). Figure 1D shows that the asymmetric fea- 
ture is reversed in the opposite polarity of bias 
voltage (Vi, = -6 V), suggesting that the effect is 
intrinsic, rather than being caused by sample 
inhomogeneity. 

We have cross-checked the signal by applying 
the V,-modulation method (OV and +6 V) with 
the tip height fixed at h = 10 nm; the obtained 2D 
images (fig. S3) and those of Fig. 1, C and D, were 
in close agreement. For all the signals reported 
below, the two methods were found to yield sig- 
nals that were nearly equal to each other in 
amplitude and qualitative features [see section 1 of 
(27) for a discussion]. This indicates that the sig- 
nals are free from the unwanted FF radiation 
component and that the thermally generated 
components are negligible; therefore, the signal 
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is caused by the current-induced current fluc- 
tuation or excess noise [section 1 of (27)]. The 
excess noise originates from either heated 2DEG 
or heated lattice. To distinguish between the two, 
we note that the experimentally obtained images 
of the NF signal are confined within the mesa 
structure where the 2DEG is present, with a 
sharp cut-off edge at the boundary [fig. S5B and 
section 4 of (27)]. This indicates that the origin 
of the signal is the 2DEG because lattice heating 
(or nonequilibrium phonon distribution) would 
not be confined to the mesa structure, and the 
border of the heated region would have to be 
substantially smoothed by diffusion of pho- 
nons over a relaxation length (200 to 300 nm) 
(31). Thus, the NF signal is ascribed to the shot 
noise caused by heated 2DEG; this conclusion 
is strongly supported by theoretical estimates 
[sections 5 and 6 of (27)]. 

The second important feature is the rapid 
decay of the NF signal with increasing h (Fig. 1E), 
where the NF signal is taken via V,-modulation 
and is plotted against h. The decay curve is well 
reproduced with a theoretical predicted curve 
obtained by combining the hot-electron concept 
with the electromagnetic local density of states 
(EM-LDOS) (32) of the fluctuating EM evanes- 
cent fields [fig. S8 and sections 5 to 7 of (27)]. 

Figure 2, A to F, displays images of the NF sig- 
nal obtained by modulating the tip height with 
h = 10 nm and shows how the hot-electron dis- 
tribution evolves with increasing V;,,. NF signals 
caused by hot electrons are discernible when Vj, 
reaches ~0.8 V, and their distribution expands 
toward the downstream side of the constriction 
when VY, exceeds ~4.0 V. At higher values of Vj, 
a distinct hot spot develops outside the constric- 
tion (Fig. 2F for Vi, ~ 8.0 V); the signal intensity 


A THz detector 


Nano-fluctuation in 2DEG 


luctuating 
EM-fields 


increases as the electrons move away from the 
constriction, creating the hottest spot at a dis- 
tance 200 to 300 nm away from the constric- 
tion. This feature is elucidated in Fig. 2G, which 
shows a distinct maximum peak of the NF signal 
intensity developing at a position (y ~ +250 nm) 
shifted from the constriction for 5 V < V,. The 
nonlocal feature of power dissipation, along 
with the current-voltage characteristics similar 
to those described above, have been found in de- 
vices with different constriction patterns and 
crystallographic orientations, suggesting the 
intrinsic nature of the phenomena [fig. S4 and 
section 4 of (27)]. Above Yj, ~ 4.0 V, the current 
saturates (Fig. 2H). Interestingly, the NF signal 
intensity at the constriction center (y ~ 0) is 
saturated in step with the current saturation, 
but the one at the off-centered hot spot (y = 
+250 nm) continues to increase. The NF signal 
intensity for V,, < 3 Vis roughly proportional to 
the current J, which is consistent with the con- 
ventional theory of shot noise, (Ssnot) % 2e|Z| 
(where e is the unit charge). The lack of satura- 
tion of the signal intensity at the shifted hot spot 
for V, > 4 V suggests that specific hot-electron 
processes play a role, as will be discussed later. 

The discrepancy between the noise profile 
and the electric field distribution is confirmed 
in additional experiments, where electrostatic 
potential distribution around the constriction 
is studied by biasing the metal tip in scanning 
gate microscopy (SGM) [fig. S10 and section 8 of 
(27)]. A region of high electric fields is found to 
be concentrated symmetrically in a narrow region 
around the constriction, roughly defined by |y| < 
250 nm. The hot-electron distribution (Fig. 2, D 
to F), therefore, develops beyond the region of 
high electric fields. SGM measurements show 
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Fig. 1. Nanoscale mapping of ultrahigh-frequency excess noise (21.3 + 0.7 THz) with scanning 


noise microscope (SNoiM). (A) Schematic representation of the experimental setup of SNoi 


[section 1 of (27)]. (B) SEM image of the nanodevice with a constriction fabricated in a GaAs/AlGaAs 


quantum well (QW) structure. (© and D) Two-dimensional real-space images of the NF signal 


intensity (excess noise), for opposite bias polarities (£6 V). The horizontal and vertical scales are 
those of the SEM image of (B). The NF signals are taken by modulating the tip height. The color 
scale is given by the signal amplitude V (detector output) as well as by the effective electron 
temperature T. (K) [section 7 of (27)]. The electric field at the constriction is estimated to be 

E. = 62 kV/cm for V; = 6.0 V. (E) Decay profile of the NF signal with increasing the tip-height h 
from 5 nm to 150 nm, taken at the center of constriction with Vp = 6 V. The signal is obtained by 
modulating V; between O and 6 V without modulating the tip height. 
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that the electric field at the constriction reaches 
E, = 104 kV/cm for Vi, = 9.0 V. The E, values have 
been derived as a function of Vj, in an indepen- 
dent method, yielding results consistent with 
SGM (fig. S11). 

For materials in thermal equilibrium (23-26), 
NF signals have been quantitatively understood 
in the theoretical framework based on the EM- 
LDOS for thermally excited fluctuating EM eva- 
nescent fields (Nyquist noise) [section 5 of (27)]. 
In nonequilibrium conditions, rigorous theory 
is not available in general. However, the “hot- 
electron concept” (7, 18) is applicable in our sys- 
tem, and the knowledge established in thermal 
equilibrium can be employed as the first-order 
approximation by considering an effective elec- 
tron temperature 7, [section 6 of (27)]. In our 
GaAs devices, the exchange of energy and mo- 
mentum among electrons is so efficient as to 
nearly establish a quasi-equilibrium state within 
the electron system. It then follows that the re- 
sulting nonequilibrium distribution function of 
electrons is approximated by the equilibrium 
Fermi distribution function characterized by an 
effective electron temperature 7., and many phys- 
ical quantities can be derived approximately by 
noting only the effective temperature T,.. Partic- 
ularly, the shot noise is approximated by the 
Nyquist noise at T= 7. and is known by the term 
hot-electron shot noise (17, 78). In this work, T, is 
estimated from the NF signal intensity (see color 
scales in Figs. 1 and 2) and provides an approx- 
imate measure of the average kinetic energy of 
electrons <e> = (3/2) kp7. [section 7 of (27)]. The 
estimated values—T, = 2200 to 2500 K or <e> = 
280 to 320 meV at the hot spot (Fig. 2F)—are 
consistent, within the accuracy of estimation 
(+ 7%), with the noise temperature reported in 
microwave noise measurements on short channel 
n-GaAs devices (20) and with the values <e> = 300 
to 550 meV predicted in Monte Carlo simula- 
tions (33), both at an electric field E ~ 100 kV/cm 
[section 7 of (27)]. 

The nonlocal feature in this work is reminis- 
cent of the phase-coherent transport through 
low-dimensional conductors (34) or ballistic 
transport through quantum point contacts at 
low temperatures (35), where energy is dissi- 
pated in reservoirs rather than in conductors 
themselves. The simplest interpretation is there- 
fore to assume purely ballistic motion of elec- 
trons passing through the constricted region. 
Nonlocal energy dissipation is expected to occur 
in diffusive transport as well (36), because elec- 
trons necessarily travel a certain distance after 
acceleration until they release excess energy to 
the lattice by phonon emission. Indeed, it is a 
commonly expected feature in most of modern 
high-speed short-channel transistors (37). 

We quantitatively model electron transport 
through the constriction by taking into account 
relevant transport parameters [section 3 of (27)]. 
When electrons approach and enter the con- 
stricted region from the negative-voltage side, 
they are accelerated by the electric fields. When 
the accelerated electrons pass through and exit 
from the constriction, they, in turn, cool down 
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Fig. 2. Evolution of the excess noise distribution with increasing bias voltage, V,. 
(A to F) Two-dimensional images obtained by modulating the tip height. The crystallographic 
orientation is y//[100]. (G) One-dimensional profile of the NF signal intensity in the y direction, 


where y = O corresponds to the center point of 


the constriction marked by the green circle in 


Fig. 2A. The data are taken by modulating Vp. (H) The solid line shows the current versus V, 
curve. Green circles and red triangles show, respectively, the NF signals (excess noise intensities) 


at the positions marked by 0 (y = 0) and A (y = 
modulating Vp. The black squares plot the FF sig 
tip, showing that the current-induced FF compo 


by releasing their excess energy to the lattice. 
The cooling-down process is, however, relatively 
slow because the energy relaxation time due to 
electron-phonon interaction is relatively long 
(te-pn * 1.1 ps). The energetic electrons, on the 
other hand, pass through the constricted region 
at high velocities, vg = (1.9 to 2.1) x 10° m/s (ve- 
locity overshoot) (20, 38). It follows that the ener- 
getic electrons drift a large distance, Laritte-ph = 
VaTe-ph = 210 to 230 nm, before being equili- 
brated with the lattice. 

The feature of nonlocal energy dissipation is 
enhanced further by the transfer of hot electrons 
to upper satellite valleys (20, 33) [section 9 of 
(27)]. It is well known that hot electrons transfer 
from the [-valley to the satellite X- and/or L- 
valleys at high electric fields (20). The effective 
mass of electrons in the upper valleys is much 
larger than in I’-valley, so conductance is reduced, 
causing the saturation of current J for 4.0 V < Vi, 
or 15 kV/cm < E, (Fig. 2H and figs. S4.and S11). In 
our system, electron transfer to X-valleys lying 
above the I-valley by Aerx ~ 550 meV is impor- 
tant (20). The upper valleys serve as a storage for 
energetic electrons and intensify the feature of 
nonlocal power dissipation as described below. 

A representative experimental image of hot 
electrons is shown in Fig. 3A, and a detailed in- 
terpretation of the nonlocal transport is illustrated 
in Fig. 3, B to D. The average kinetic energy and 
the fractional ratio of population of electrons in 
the I’-valley are denoted, respectively, by <er> 
and nr. As the electrons approach the constric- 
tion from the source side (a, -250 nm < y< Oin 
Fig. 3A), the rapidly increasing electric fields 
accelerate the electrons (o in Fig. 3B), and the 
electrons increasingly transfer to the X-valleys 
(o in Fig. 3C). The average energy, <er>, thereby 
increases, whereas the fractional population, ny, 
decreases (a, -250 nm < y < 0 in Fig. 3D). At the 
center of the constriction (B, y = 0 in Fig. 3, C 
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+250 nm) in Fig. 2A. The data are taken by 
nal, obtained by modulating V, without using the 
nent is less than a few percent of the NF signal. 


and D), <e-> reaches maximum, whereas nr falls 
to a minimum, nr, = 0.3 to 0.23 for Vi, = 6.0 to 
9.0 V (E. = 60 to 120 kV/cm) (fig. S11). Despite the 
small ny, value, the current through the con- 
striction is dominated by the I-valley elec- 
trons because their “overshoot” drift velocity 
var * (1.9 to 2.1) x 10° m/s is much higher than 
the drift velocity of X-valley electrons. On the 
downstream side of the constriction, the electric 
field E decreases rapidly with increasing y (y in 
Fig. 3B). The average energy <e-> accordingly 
decreases, but the decrease is slow because (i) 
the longitudinal-optical-phonon emission proc- 
ess is relatively slow (te-pn * 1.1 ps) and (ii) the 
electrons stored in the X-valleys are now trans- 
ferred back to the I’-valley, supplying energetic 
electrons in the I-valley (y in Fig. 3C). Therefore, 
nr rapidly recovers the low-field value (nr = 1), 
but <e-> decreases much more slowly with in- 
creasing y (0 < y < 250 nm in Fig. 3D). 

The excess noise is generated primarily by the 
T-valley electrons because their average kinetic 
energy <e;-> is much higher than that of X-valley 
electrons <ex> (34). The noise power density is 
an increasing function of both <e;-> and n;, and 
we simply assume P,, = n-<er> to give a plausible 
measure of the noise intensity. The profile of P, 
(Fig. 3D) reproduces the corresponding experi- 
mental feature (Fig. 2G) fairly well, yielding a 
prominent maximum peak at a location displaced 
(y = 250 nm) from the constriction. The satura- 
tion of noise intensity at the center point of the 
constriction (Fig. 2H, y = 0) stems from the fact 
that the increase in <e;,.> with increasing Vj, (E.) 
is compensated by the decrease in ny... The lack 
of saturation at the shifted hot spot (Fig. 2H, y = 
250 nm) is a consequence of the fact that ny, at 
y ~ 250 nm does not decrease substantially so that 
the effect of <e;,.> increase is uncompensated. 

SNoiM is applicable to any microelectronics 
devices of semiconductors, semimetals, and me- 
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Fig. 3. Hot-electron kinetics in the vicinity of 
constriction. (A) Experimentally obtained 
image of the hot-electron distribution for 

Vb = 9.0 V (E, = 120 kV/cm), taken in a different 
device from the one shown in Figs. 1 and 2. 

The data are taken by modulating the tip height 
with h = 10 nm. (B) Schematic representation 

of the electrostatic potential energy of the bottom 
of the conduction band: The solid line shows the 
T-valley and the broken line the X-valley. Shading 
shows the distribution of electrons. (C) Relative 
population of electrons in the T- and the X- 
valleys, respectively, at positions a, B, and y in 
(A) and (B). (D) A sketch of the variation of 

np, <er>, and P, = nr<er> along the y axis for 
Vb = 6.0 to 9.0 V, where np = N-/N (Ny, the 
density of I-valley electrons; N, the total density 
of electrons) is the relative population of T-valley 
electrons, <ep> is the average kinetic energy of 
T-valley electrons, and P,, = np<er> is a measure 
of the excess noise intensity. 


tals. In addition, it can be applied to explore a 
variety of exotic modes of charge-carrier dy- 
namics in emerging material systems such as 
graphene (39), topological conductors, Weyl 
semimetals, and anomalous Hall-effect con- 
ductors. The target of SNoiM is not restricted to 
electron systems: For example, by detecting the 
noise in the frequency band of the surface phonon 
polariton resonance of the host crystal, the lattice 
dynamics will be exclusively probed. The sensi- 
tivity of our system, limited by the fluctuation of 
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background FF radiation, will be dramatically 
improved at cryogenic temperatures, making 
measurements in photon-counting mode possible 
(40). The fact that SNoiM should be operable over 
a range of temperatures with a tunable detection 
wavelength provides an advantage over most of 
existing nanothermometry techniques (47). 
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THERMOELECTRICS 


3D charge and 2D phonon transports 
leading to high out-of-plane ZT in 
n-type SnSe crystals 


Cheng Chang,’ Minghui Wu,” Dongsheng He,” Yanling Pei,’ Chao-Feng Wu,” 
Xuefeng Wu,” Hulei Yu,* Fangyuan Zhu,” Kedong Wang,” Yue Chen,* Li Huang,” 


Jing-Feng Li,’ Jiaqing He,”* Li-Dong Zhao™* 


Thermoelectric technology enables the harvest of waste heat and its direct conversion 
into electricity. The conversion efficiency is determined by the materials figure of merit ZT. 
Here we show a maximum ZT of ~2.8 + 0.5 at 773 kelvin in n-type tin selenide (SnSe) 
crystals out of plane. The thermal conductivity in layered SnSe crystals is the lowest in the 
out-of-plane direction [two-dimensional (2D) phonon transport]. We doped SnSe with 
bromine to make n-type SnSe crystals with the overlapping interlayer charge density 
(3D charge transport). A continuous phase transition increases the symmetry and 
diverges two converged conduction bands. These two factors improve carrier mobility, 
while preserving a large Seebeck coefficient. Our findings can be applied in 2D layered 
materials and provide a new strategy to enhance out-of-plane electrical transport 
properties without degrading thermal properties. 


hermoelectric technology, which converts 
heat into electricity, provides a promising 
route to environmentally friendly power 
generation through the harvest of industrial 
waste heat (J, 2). The conversion efficiency 
of thermoelectric materials is determined by the 
dimensionless figure of merit ZT = [(S?o)/«]T, 
where S, o, k, and T are the Seebeck coefficient, 
electrical conductivity, thermal conductivity, and 
absolute temperature, respectively. However, the 
complex interrelationships among thermoelectric 
parameters prevent us from maximizing the ZT 
value and conversion efficiency (3, 4). To date, 
various approaches have been adopted to opti- 
mize these critical thermoelectric parameters, 
such as enhancing the electrical transport prop- 
erties (power factor, Sc) through engineering 
band structures (5-7), lowering the thermal con- 
ductivity through scattering all-scale length pho- 
nons (8), and seeking potential materials with low 
thermal conductivity (9, 10). Impressive achieve- 
ments have been made in various thermoelectric 
systems on the basis of these strategies, includ- 
ing bismuth (1D, lead (8, 72), tin (13) and copper 
(14) chalcogenides; germanium silicides (75); Zint] 
phase (16); skutterudite (17); half-Heusler (78); 
and magnesium-based systems (19-21). 
Over the past decade, bulk crystals with two- 
dimensional (2D) layered structures have been 
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studied because of their strongly anisotropic trans- 
port features. High thermoelectric performance 
along the in-plane direction was primarily achieved 
by improving charge-carrier mobility (22-24). 
However, the out-of-plane properties have gar- 
nered less attention because electrical transport 
is always impeded by the 2D interlayers. Out- 
of-plane thermal conductivities in 2D layered 
materials are sufficiently low enough that they 
approach the amorphous limit (25, 26). Enhanc- 
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ing the out-of-plane electrical properties may re- 
sult in excellent thermoelectric performance in 
this direction. 

Very low thermal conductivity due to strong 
anharmonic and anisotropic bonding was found 
along the in-plane direction of p-type SnSe crys- 
tals with a 2D layered structure (27-29). After 
hole doping, SnSe shows an exceptionally high 
power factor enabled by its multiple valence 
bands (28, 30). These results reveal that p-type 
SnSe is a remarkable compound with promis- 
ing thermoelectric performance. However, the 
discrepancy of in-plane thermal conductivity 
observed in fully dense SnSe crystals seems to 
conclude that the thermal conductivity was un- 
derestimated owing to low sample density (37). 
On the contrary, the ultralow thermal conduc- 
tivity observed in the fully dense SnSe crystals 
revealed the story to be more complicated (32). 
The continued reports elucidate the thermal 
conductivity discrepancy, clarifying that the low 
thermal conductivity in SnSe is sensitive to the 
vast off-stoichiometric defects (33), much softer 
van der Waals-like Se-Sn bonding (34), poly- 
crystalline oxidations (35), crystal cracks (36), 
and so on. These investigations on in-plane ther- 
mal conductivity are enriching the physical and 
chemical stories behind SnSe. 

Compared to its in-plane thermal conductiv- 
ity, SnSe exhibits a more steady and even lower 
thermal conductivity along the out-of-plane di- 
rection (27, 28, 32), which motivated us to inves- 
tigate its power factor. We synthesized n-type 
SnSe crystals through the temperature gradi- 
ent method and bromine doping (figs. S1 and 
$2). We found that the conduction bands of 
n-type SnSe have much more complex behavior 


B 
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Fig. 1. ZT values as a function of temperature and a schematic of phonon and charge 
transport in n- and p-type SnSe crystals along the out-of-plane direction. (A) ZT values for 
p- and n-type SnSe with and without phase transition; the high performance of n-type SnSe 

is well reproduced by third parties (green line, test reports are provided in the supplementary 
materials). Inset images show the SnSe crystal structure (blue, Sn atoms; red, Se atoms) 

with the investigated out-of-plane direction. The typical sample cleaved along the (100) plane 
and the diagram show how the crystals are cut for measurements (inset images, from left 

to right). 1.2E19, carrier concentration of ~1.2 x 10!9 cm~>. (B) Schematic out-of-plane charge 
and phonon transports in n- and p-type SnSe. The colored dots represent the charge densities. 
The gray blocks represent the two-atom-thick SnSe slabs along the out-of-plane direction 


(a axis) of SnSe. 
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owing to a temperature-dependent continuous 
phase transition from Pnma to Cmem, which 
leads to an outstanding temperature-independent 
power factor and a maximum ZT (ZT ,nax) Of ~2.8 
at 773 K along the out-of-plane direction. We 
obtained independent tests from third-party 
inspection institutions to verify the high per- 
formance and reproducibility [Fig. 1A, green 
line (37)]. 

The high performance we achieved for n-type 
SnSe is explained by two cumulative features. 
First, density functional theory (DFT) calcula- 
tions and scanning tunneling microscopy (STM) 
observations indicate that delocalized Sn and Se 
p electrons near the conduction band minimum 
(CBM) contribute to more orbital overlap along 
the out-of-plane direction. When the carrier con- 
centration is fixed at ~1.2 x 10° cm“, in contrast 
to p-type SnSe, the charge density of n-type SnSe 
overlaps to fill the crystal-structure interlayers. 
The overlapped charge density can facilitate elec- 
tron transport through the interlayers, resulting 
in an expected ZTnax Of ~2.1 at 773 K for n-type 
SnSe. By contrast, the ZT, is ~0.5 at 773 K for 
p-type SnSe (Fig. 1A). Second, high-temperature 
synchrotron radiation x-ray diffraction (SR-XRD) 
indicates a continuous phase transition from 
Pnma to Cmem starting at ~600 K before the 
critical temperature (800 K) in SnSe. This appar- 
ently continuous phase transition in n-type SnSe 
leads to an increased symmetry in the crystal 
structure, which is further confirmed by in situ 
spherical aberration-corrected transmission 
electron microscopy (Cs-corrected TEM). This 
phase transition also results in the divergence 
of two converged conduction bands at ~600 K. 
In contrast to the band convergence, the band 
divergence decreases the average inertial band 
mass and thus leads to higher carrier mobility. 
The changes in the band structure due to the 
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continuous phase transition further increase 
ZT max from 2.1 to 2.8 at 773 K (Fig. 1A). Collect- 
ively, our findings show that the out-of-plane 
electrical transport properties in n-type SnSe 
are comparable to those along the in-plane direc- 
tion (3D charge transport) (Fig. 1B), which has 
rarely been observed in bulk materials with a 2D 
structure (38, 39). For comparison, we measured 
thermoelectric properties as a function of tem- 
perature along the in-plane and out-of-plane 
directions for both p- and n-type SnSe crystals 
(fig. S3). 

To clarify the origin of the huge difference 
in the out-of-plane thermoelectric performance 
between the n- and p-type SnSe crystals, we 
compared the transport properties of the n- and 
p-type SnSe crystals with the same carrier con- 
centration of ~1.2 x 10” em” (abbreviated 1.21E19, 
Fig. 2). The electrical conductivity of n-type SnSe 
is twofold higher than that of p-type SnSe (Fig. 
2A), indicating a twofold-higher carrier mobility. 
At room temperature, the Seebeck coefficient 
of approximately -180 nV K” for n-type SnSe 
is lower than that of p-type SnSe, which is 
+210 uV Kt (Fig. 2B), indicating a lower effective 
mass for the n-type crystal. Interestingly, with 
an increasing temperature, the magnitude of the 
n-type Seebeck coefficient increases faster and 
higher than the p-type Seebeck coefficients above 
~600 K. This indicates that the conduction band 
structure is much more complex than that of the 
valence bands as the temperature increases (28). 
The power factor for p-type SnSe declines mono- 
tonically with rising temperature. By contrast, the 
power factor for n-type SnSe preserves a high 
value of ~9.0 uW cm K” over the entire tem- 


for n-type SnSe is five times that of p-type SnSe 
(Fig. 2C). The carrier concentrations for n-type 
SnSe show a decreasing trend with increasing 
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perature range. Finally, the power factor at 773 K 


Temperature (K) 


temperature (Fig. 2D) and a more pronounced 
decline than those of p-type SnSe (Fig. 2D, in- 
set), which is consistent with the higher carrier 
mobility in n-type SnSe (Fig. 2E, inset). Particu- 
larly, a distinct rise in the carrier mobility above 
~600 K is observed in all n-type SnSe with dif- 
ferent carrier concentrations (Fig. 2E), which 
contributes to higher electrical transport proper- 
ties above 600 K. The strong anharmonic and 
anisotropic bonding of SnSe leads to very low 
thermal conductivity (27, 28, 32, 40), which is 
expected to be even lower along the out-of-plane 
direction of SnSe owing to strong interlayer 
phonon scattering. Indeed, both the total and 
lattice thermal conductivities («yo and Kj.) along 
the out-of-plane direction for both the n- and 
p-type SnSe crystals are extremely low (Fig. 2F 
and fig. S4), which even reach a minimum lattice 
thermal conductivity («@) as low as 0.18 W m7? Kt 
at 773 K. These thermoelectric transport proper- 
ties show good reproducibility by varying the 
carrier concentration (figs. S5 and S6). More- 
over, the highest performance also shows good 
thermal stability upon temperature changes 
(fig. S7) and excellent reproducibility through 
cross-checking in independent inspections [Fig. 2, 
A to C and F (37)]. 

The twofold-higher n-type out-of-plane elec- 
trical conductivity originates from the higher 
carrier mobility, which indicates that electron 
transport is facilitated through the interlayers. 
We investigated the charge density for both 
types of SnSe along both the out-of-plane (ab 
plane) and in-plane (bc plane) directions to de- 
termine the origins of the high carrier mobility 
(Fig. 3A). We investigated the density of states 
(DOS) near the band edges through DFT calcu- 
lations [Fig. 3B, (37)]. Our calculations reveal 
that the anisotropies of the charge density in n- 
and p-type SnSe are dominated by the partial 
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DOS of Sn (p) and Se (p), respectively. Specif- 
ically, in the valence band maximum (VBM), 
Se (p,) largely contributes to the total DOS, 
whereas Sn (p,) predominately contributes 
to the total DOS in the CBM. These contribu- 
tions indicate that the charge density tends 
to distribute within the in-plane direction in 
p-type SnSe and along the out-of-plane direction 
in n-type SnSe. Our DFT calculations further 
indicate the distinct overlaps of the electron 
orbitals in the out-of-plane direction of n-type 
SnSe, which form electrical conduction path- 
ways (Fig. 3C). However, the charge densities 
mainly distribute along the in-plane direction 
in p-type SnSe (Fig. 3D). The features in n-type 
SnSe become more pronounced with increas- 
ing temperature (figs. S8 and S9). We further 
verify the charge-density differences between 
n- and p-type SnSe through scanning tunneling 
spectroscopy (STS) and STM images. The d//dV 
curves describe the partial DOS distributed 
along the kx direction (41), where J is current 
and V is voltage, which corresponds to the out- 
of-plane direction in SnSe (Fig. 3E). The sharp 
slope near the CBM and gradual slope near the 
VBM are in good accordance with the DOS 
calculations (Fig. 3B). We visualized the charge 
density distribution in the bc plane using the 
contrast STM image and d/J/dV mapping, where 
a large difference in charge density results in 
strong contrast. The low contrast in the images 
of n-type SnSe (Fig. 3, F and G) indicates an 
extended charge density distribution, whereas 
the stronger contrast in p-type SnSe (Fig. 3, 
H and I) shows a localized preference in the 
charge density distribution. This is consistent 
with the DFT calculations in the bc plane (Fig. 
3, C and D). In summary, overlapping charge 
density fills the interlayers in n-type SnSe, ex- 
plaining the high carrier mobility out of plane. 
By contrast, the charge density for p-type SnSe 
prefers to fill the in-plane intralayers (42, 43). 
The dynamic structural behavior of SnSe at 
800 K involves a reversible phase transition 
from Pnma to Cmem, and the highly symmetric 
Cmcm phase can enhance carrier mobility and 
preserve the high power factor of SnSe (44). To 
directly capture the structural evolution of SnSe 
as a function of temperature, we conducted in 
situ Cs-corrected TEM heating experiments for 
both n- and p-type SnSe. We tilted both samples 
along the [010] direction (Fig. 4A). The Sn and 
Se columns are displayed as brighter and dim- 
mer dots, clearly resolved from the [010] direc- 
tion. At room temperature, the SnSe unit cell 
consists of two SnSe bilayers with Se atoms in 
a different planes from the Sn atoms. This lowers 
the symmetry of the crystal structure. With an 
increasing temperature, the Se atoms gradually 
move closer to the nearest Sn layers in n-type 
SnSe. We quantitatively identified the atomic 
column positions with a peak-finding program 
(37) and used the d/D ratio to determine sym- 
metry (Fig. 4B), where d and D are the Se intra- 
layer and Se interlayer distances, respectively 
(an intralayer corresponds to a two-atom-thick 
SnSe slab along the a axis). Initially, the Se-Se 
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layer distance follows a d-D-d-D sequence along 
the out-of-plane direction, where d and D are 
approximately 0.25 and 0.34 nm, respectively 
(figs. S10 to S12). After heating, in n-type SnSe, 
the d/D ratio increases with increasing temper- 
ature, which indicates an increase in the sym- 
metry (Fig. 4C). This behavior is particularly 
obvious above ~600 K for n-type SnSe. We ob- 
served the same phenomenon through high- 
temperature SR-XRD (fig. $13). We obtained 
lattice parameters (fig. S14) and atomic positions 
(tables S1 and S2) for a range of temperatures 
(37). The d/D ratio we calculated from SR-XRD 
agrees with that from the in situ TEM, indicat- 
ing the larger movement of Se atoms and thus 
higher symmetry in n-type SnSe. Collectively, 
the SR-XRD results indicate a continuous phase 
transition initializing at ~600 K, and the exper- 
imental Cs-corrected TEM observations con- 
firmed that this continuous phase transition 


is much more pronounced in n-type SnSe. We 
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believe enhanced carrier mobility is related to 
the high symmetry in the crystal structure of 
n-type SnSe. 

We performed DFT calculations based on the 
temperature-dependent crystal structures (figs. S15 
and S16) to clarify the Seebeck coefficient en- 
hancements above ~600 K in n-type SnSe. Our 
DFT calculations indicate that the lowest CBM 
lies in the I’-Y direction (Fig. 5A, CBM1), whereas 
the second CBM is located at point I (Fig. 5A, 
CBM2). The energy offset for these two conduc- 
tion bands is ~0.10 eV at room temperature, and 
as the temperature increases, the energy offset 
narrows and reaches a minimum value of ~0.04 eV 
at about 600 K. Above this temperature, the 
energy gap sharply rises and then returns to 
~0.10 eV again at 773 K (Fig. 5B). Converging 
band structures can enhance thermoelectric 
performance by enhancing the effective mass 
through introduction of additional band de- 
generacy (N,) from heavy band contributions 


Fig. 3. Crystal structures, DOS, and charge density of n- and p-type SnSe. (A) Crystal 
structures of SnSe in the ab and bc planes. (B) Projected DOS of SnSe near the CBM and VBM 
~0.4 eV. The Fermi level is shifted to zero. The inset diagram shows the Brillouin zone of SnSe. 
Calculated charge densities of (©) n- and (D) p-type SnSe in the ab and bc planes, given by wave 
functions around ~0.2 eV for the CBM and VBM, respectively. The color scale indicates the normalized 
charge density. (E) STS of the undoped, n-type, and p-type SnSe crystals. The spectra are vertically 
shifted for clarity. STM images and corresponding di/dV mapping for the (F and G) n- and (H and I) 
p-type SnSe crystals in the bc plane. Image sizes are 3 nm by 3 nm. STM and d//dV mapping are taken 
at sample biases of 0.4 and -0.2 V for the n- and p-type SnSe crystals, respectively. 
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(6, 7). However, increasing the effective mass 
usually deteriorates the carrier mobility (45). 
Distinct band structures are desirable if they 
can balance the effective mass and carrier mo- 
bility. We found that the conduction bands of 
n-type SnSe experience energy convergence 
and divergence within 0.10 eV as the temper- 


ature increases. We expect the conduction band 
divergence to improve the carrier mobility by 
reducing N,. Indeed, the distinct conduction band 
structures in n-type SnSe lead to optimization of 
both the Seebeck coefficient and carrier mobil- 
ity, which are critical to preserving a higher pow- 
er factor (Fig. 2F). 
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To investigate the Seebeck coefficient enhance- 
ments, we conducted Seebeck coefficient cal- 
culations as a function of carrier concentration 
at different temperatures on the basis of the 
single-band model (Fig. 5C). At room temper- 
ature, the experimentally observed Seebeck co- 
efficients with different carrier concentrations 


Fig. 4. In situ Cs-corrected TEM, the Se 
displacements detected by Cs-corrected 

TEM, and SR-XRD of n- and p-type SnSe. 

(A) High-angle annular dark-field scanning 
transmission electron microscopy images of 

n- and p-type SnSe at increasing temperatures 
as viewed along the b axis. Owing to the 

Z contrast of the Cs-corrected TEM image, 
brighter dots are Sn columns and dimmer dots 
are Se columns. (B) Atomic model of SnSe 
viewed along the b axis; blue atoms are Sn, and 
green atoms are Se. (C) The d/D ratio of the 
n- and p-type SnSe crystals with rising temper- 
ature. The markedly increasing d/D ratio after 
~600 K derived from both Cs-corrected TEM 
(dotted lines) and SR-XRD (solid lines) indicates 
that n-type SnSe tends to easily undergo a 
continuous phase transition from Pnma to Cmcm. 


2 T T T T T T 
300 400 500 600 700 800 
Temperature(K) 


0 
1E18 


1E19, 


1E20 


t->— EX! 


—— 673K La 
—— 723K 40 a ea 
[ —— 773K 4 T(K 


oe 
1E18 1E19, 1E20 
n(cm ~) 


Fig. 5. DFT-calculated band structures, Seebeck coefficients, 

and carrier mobilities of n-type SnSe with rising temperature. 

(A) Electronic band structures at 323, 473, 623, and 773 K. (B) The 
changing energy gap (AE) between CBM1 and CBM2 at elevated 
temperature. Inset diagram indicates that the two conduction bands 
experience convergence and then divergence with rising temperature. 
Comparisons of the experimental and calculated (C) Seebeck 
coefficients and (D) carrier mobilities as a function of carrier 
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concentration with rising temperature. The triangles are the 
experimental values, which are compared to the calculated values 
(string of purple squares) with the same carrier concentrations. 

Both the Seebeck coefficient and carrier mobility can be optimized 
through band convergence and divergence. The insets show the 
deviations of experimental and calculated Seebeck coefficient and 
carrier mobility as a function of temperature, with the blue regions indicating 
the temperature range before the conduction band divergence. 
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are consistent with the Pisarenko relation (fig. 
S17), which indicates that the single-band char- 
acteristics dominate carrier transport at low 
temperature. However, with rising temperature, 
the experimental Seebeck coefficients gradually 
deviate to higher values compared to the calcu- 
lated Seebeck coefficients (Fig. 5C, inset). The 
deviation maximizes at ~600 K, indicative of 
the greatest amount of band convergence. Above 
~600 K, the contribution of CBM2 declined owing 
to band divergence, leading to a smaller deviation 
between the experimental and calculated values, 
which agrees with the observed considerable rise 
in carrier mobility at about 600 K (Fig. 5D). Con- 
sidering the band convergence, the experimen- 
tally observed Seebeck coefficients in the middle 
temperature range agree with the calculated re- 
sults. Meanwhile, the notable carrier mobility 
rise is attributed to the band divergence, which 
occurs above 600 K. Interestingly, our results 
indicate that the continuous phase transition 
that starts at 600 K can enhance the power fac- 
tor and the final ZT value (fig. S18). 

Utilizing the ultralow thermal conductivity 
of out-of-plane SnSe along with an outstanding 
power factor, we realized a ZT ax ~ 2.8 at 773 K 
in out-of-plane n-type SnSe crystals. We initially 
selected the very low lattice thermal conductiv- 
ity in the out-of-plane direction of SnSe crystals. 
Then, we optimized the carrier mobility and 
Seebeck coefficient by modifying the temperature- 
dependent crystal and band structures deriving 
from the continuous phase transition. Our results 
open prospects for new strategies to improve the 
out-of-plane electrical transport properties in 2D 
layered materials, while maintaining low thermal 
conductivity. 
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ELECTROCHEMISTRY 


CO, electroreduction to ethylene via 
hydroxide-mediated copper catalysis 
at an abrupt interface 


Cao-Thang Dinh,’* Thomas Burdyny,”* Md Golam Kibria,’* Ali Seifitokaldani,’* 

Christine M. Gabardo,” F. Pelayo Garcia de Arquer,’ Amirreza Kiani,* 

Jonathan P. Edwards,” Phil De Luna,” Oleksandr S. Bushuyev,’ Chengqin Zou,"* 
Rafael Quintero-Bermudez,' Yuanjie Pang,” David Sinton,” Edward H. Sargent’ 


Carbon dioxide (COz2) electroreduction could provide a useful source of ethylene, but 
low conversion efficiency, low production rates, and low catalyst stability limit current 
systems. Here we report that a copper electrocatalyst at an abrupt reaction interface 
in an alkaline electrolyte reduces CO2 to ethylene with 70% faradaic efficiency at a 
potential of —0.55 volts versus a reversible hydrogen electrode (RHE). Hydroxide ions 
on or near the copper surface lower the CO2 reduction and carbon monoxide (CO)—CO 
coupling activation energy barriers; as a result, onset of ethylene evolution at —0.165 volts 
versus an RHE in 10 molar potassium hydroxide occurs almost simultaneously with CO 
production. Operational stability was enhanced via the introduction of a polymer-based 
gas diffusion layer that sandwiches the reaction interface between separate hydrophobic 
and conductive supports, providing constant ethylene selectivity for an initial 


150 operating hours. 


he efficient electrochemical conversion of 

carbon dioxide (COz) into valuable carbon- 

based fuels and feedstocks enables the 

urgently needed storage of intermittent re- 

newable electricity and, ultimately, a net re- 
duction of greenhouse gas emissions (7-5). Much 
effort has been devoted to advance the prospects 
of producing ethylene, a chemical feedstock in 
high demand, from CO, electroreduction (6-13). 
The CO, reduction reaction (CO.-RR) has reached 
lower activation overpotentials and increased 
faradaic efficiencies via tuning of catalyst mor- 
phologies (4, 5, 10, 14, 15), manipulation of oxi- 
dation states (3, 16, 17), and introduction of 
dopants (2, 18-20). For CO, conversion to ethyl- 
ene, Cu oxide catalysts have achieved peak fara- 
daic efficiencies of 60% by suppressing competing 
reactions and operating in a narrow reaction 
window (13, 21-23). Separately, ethylene currents 
of 150 mA cm™ have been achieved at selectiv- 
ities of 36% and potentials of —0.58 V versus a 
reversible hydrogen electrode (RHE) on Cu nano- 
particles in a flow cell configuration with al- 
kaline electrolytes (72). 

Despite advances in individual metrics (table 
Sl, large negative potentials are required to 
reach substantial ethylene selectivities, in part 
because of the 200- to 300-mV overpotential gap 
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between the formation of necessary CO inter- 
mediates and that of ethylene (24). Additionally, 
selective ethylene production has not yet been 
sustained at commercially relevant current den- 
sities (>100 mA cm”). Stable and highly selective 
ethylene production at lower overpotentials is ur- 
gently needed to enable the renewable electricity- 
powered synthesis of fuels and feedstocks. 

We first pursued experimental and theoretical 
insights into the direct influence of hydroxide 
(OH) ions, as distinct from bulk pH effects 
alone, on CO, reduction at a Cu catalyst surface. 
In CO, reduction applications, metal oxides have 
been proposed as active sites even when present 
in residual or subsurface forms (16, 25, 26). Hy- 
droxide ions adsorbed or proximate to metal 
catalysts may play a similar role in modulating 
active catalytic sites. Further, the reaction rate 
of the competing hydrogen evolution reaction 
is suppressed in alkaline electrolytes because 
of slow kinetics of the first water reduction step 
(the Volmer step), lowering adsorbed hydrogen 
surface coverage and influencing the subsequent 
Heyrovsky and Tafel steps (27-30). 

The direct molecular effects of hydroxide on 
CO, reduction have yet to be studied in detail, in 
part because canonical H-shaped electrochemi- 
cal architectures (H cells) are limited by the low 
availability of CO. at pH >10 in aqueous electro- 
lytes. CO, dissolved in an alkaline electrolyte will 
rapidly react, forming a neutral-pH carbonate 
mixture. Although high-pH conditions can be lo- 
cally generated in H cells via rapid proton con- 
sumption [first from proton reduction, then from 
water reduction (37)], this operation provides 
information about production at high currents 
and does not directly elucidate CO, reduction 
onset potentials. 


In contrast, a gas diffusion layer positioned 
immediately adjacent to the catalyst layer allows 
for CO, to diffuse a short distance to the catalyst 
surface and react before it is converted to bi- 
carbonate. Thus, it is possible for CO, reduc- 
tion to occur under alkaline conditions. We took 
the view that a flow cell in which the catalyst is 
deposited onto a gas diffusion layer has the po- 
tential to substantially increase the local concen- 
tration of gaseous CO, and enable clarification of 
the influence of hydroxides in CO.-RRs. 

We deposited a 100-nm-thick Cu catalyst onto 
a carbon-based gas diffusion layer (fig. S1), allow- 
ing CO, reduction under extremely alkaline con- 
ditions with the benefit of diffusion of CO, across 
the gas-liquid interface (Fig. 1A). In an Ar en- 
vironment, the onset potential for H. remained 
relatively constant in the KOH concentration 
range of 1 to 10 M (Fig. 1B). In a CO, environ- 
ment, the onset potential for the CO.-RR shifted 
markedly to more positive potentials with in- 
creasing KOH concentrations (Fig. 1B). A simi- 
lar experiment on a hydrogen-evolving catalyst 
showed only a minor anodic shift when Ar was 
replaced by COs (fig. S2), agreeing well with the 
applied Nernst shift as predicted by a reaction- 
diffusion model (fig. S3). In 10 M KOH, forma- 
tion of CO was then observed at a potential 140 mV 
lower, close to the thermodynamic potential of 
—0.11 V versus an RHE (Fig. 1C), and the reaction 
reached >50% selectivity at —0.18 V. Notably, 
ethylene formation in 10 M KOH occurred at 
similar potentials: We detected ethylene at ap- 
plied potentials as low as -0.165 V versus an 
RHE, only 0.245 V higher than the thermody- 
namic CO,-to-ethylene electroreduction potential. 
This observation is in contrast to our findings 
with 1 M KOH and prior reports in which the 
onset potentials of CO and C,H, formation were 
separated by 200 to 300 mV (/2, 24), with one 
reported ethylene onset occurring at —0.34 V ver- 
sus an RHE (9). 

Tafel analyses (Fig. 1E) of ethylene produc- 
tion from CO, on the Cu catalyst gave slopes 
of 135 and 65 mV decade (dec) ‘in 1 and 10M 
KOH, respectively. Similar slopes for ethylene 
were also observed in CO reduction on the Cu 
catalyst (fig. S4), suggesting that the increased 
hydroxide concentration changes the overall 
rate-determining step. In contrast to the case 
of the CO.-RR, however, the ethylene onset po- 
tential when ethylene is produced directly from 
CO does not shift to lower potentials, implying 
a further and distinct effect of hydroxide on re- 
action kinetics. 

In the CO,-RR the onset potential gap be- 
tween CO and C2H, is attributed to the need to 
build up coverage of surface-adsorbed CO (*CO) 
across the catalyst surface before CO dimeri- 
zation becomes energetically favorable. As the 
electrolyte pH is increased, the penetration 
distance of CO, into the electrolyte is notably 
diminished through direct interaction with 
hydroxide molecules—a point revealed from a 
reaction-diffusion model analysis (Fig. 1D) anal- 
ogous to studies presented in prior reports (32). 
In 10 M KOH, the CO, present in the electrolyte 
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resides mainly within the first 120 nm of the 
catalyst layer. This arrangement requires CO» 
reduction to take place near an abrupt reaction 
interface, in contrast with the more distributed 
reaction interface feasible in 1 M KOH. With 
little competition from Hy at these potentials 
(Fig. 1B), the more localized, and hence con- 
centrated, CO, reaction intensity boosts *CO 
coverage even at modestly negative potentials. 
This effect improves the reaction kinetics for CO 
dimerization. This hydroxide-mediated abrupt 
reaction interface then kinetically allows CO and 
C,H, to form at similarly low potentials (Fig. 1C). 
The observed 300-mV shift in ethylene forma- 
tion from 1 to 10 M KOH is also larger than the 
pH-dependent shift (59.1 mV/pH unit) observed 
both experimentally and theoretically for CO 
reduction to ethylene, where the initial CO,-to- 
CO step is avoided (33-36). 

We characterized the catalyst during and after 
CO.-RRs in different electrolytes. We used scan- 
ning electron microscopy (SEM), transmission 
electron microscopy (TEM), and in situ x-ray ab- 
sorption spectroscopy (XAS). In situ XAS of 
100-nm samples (fig. S5) showed that at the 
open-circuit potential, Cu becomes oxidized when 
submerged in 5 M KOH, most likely via formation 
of surface hydroxides. However, when a negative 
potential of —0.16 or -0.96 V versus an RHE is 
applied, the observed spectra closely match those 
of fully-reduced pristine Cu foil (fig. S5). We 
conclude that, under the applied reducing po- 
tential used during the CO2-RR, the surface is 
primarily Cu° and remains consistent over the 
range of potentials and concentrations of inter- 
est. The SEM and TEM characterization of the 
sample after CO.-RRs in 1, 5, and 10 M KOH elec- 
trolyte showed similar Cu morphologies and crys- 
talline structures, from which we argue that 
structure morphology did not play a predomi- 
nant role in the enhanced CO.-RR we observed 
at high KOH concentrations (figs. S1 and S6). 

To supplement these experimental findings, 
we used density functional theory (DFT) to as- 
sess the impact of hydroxide ions on the thermo- 
dynamic and activation energy barriers of the CO 
dimerization step. CO dimerization is the rate- 
determining step for C, products at high pHs 
and low applied potentials (22, 35). We per- 
formed this analysis on Cu(111), (100), and (110) 
surfaces, including explicit water molecules in 
the computational studies (figs. S7 to S10 and 
tables S2 to S11). The DFT results suggest that 
the presence of hydroxide lowers the binding 
energy of CO on the Cu surface. On all surfaces, 
hydroxide is found to also increase the charge 
imbalance between carbon atoms in adsorbed 
OCCO, further stabilizing this intermediate 
through a stronger dipole attraction within 
OCCO. The combined differences lead to an 
overall decrease in the activation energy barrier 
for the CO dimerization step, lowering the energy 
barrier by 156 meV on Cu(100) with an OH” sur- 
face coverage of two OH ions per 16 Cu atoms 
[a 2/16 monolayer (ML)] (fig. S9). 

With the decreased Tafel slope and matching 
onset potentials of CO and C,H, in 10 M KOH, 
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high ethylene selectivities at low overpotentials 
become feasible. By increasing the reaction rate 
over a fixed electrochemically active surface area, 
we can control the relative kinetics of CO de- 
sorption and dimerization to drive ethylene for- 
mation. As seen in Fig. 1D, the abrupt reaction 


interface and the use of high KOH concentra- 
tions contribute to achieving this goal by limiting 
CO, penetration to a fraction of the catalyst layer, 
reducing the specific active area where the CO,- 
RR occurs. Therefore, we sought to similarly 
constrain the electrochemically active surface 
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Fig. 1. Experimental studies of the effect of hydroxide on CO2 reduction, hydrogen evolution, 
and CO-CO coupling. (A) Schematic of the cathode portion of a gas diffusion electrode for CO>. 

(B) Linear sweep voltammetry scan in various KOH electrolyte concentrations showing low overpotential 
COz reduction in high KOH concentrations. E, electrode potential. (©) C2H, and CO faradaic efficiencies 
showing the reduction of C2H, onset potential with increasing KOH concentrations. Values are means, 
and error bars indicate SD (n = 3 replicates). (D) Modeling of the cumulative COz distribution across 

the catalyst layer at O mA cm”? and different KOH concentrations. (E) Partial ethylene current densities 
and Tafel slope with increasing KOH concentrations. j, electric current density. 
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area of the catalyst layer by using thermal evap- 
oration to tune the thickness of the CO, re- 
duction interface in the flow cell configuration 
(Fig. 1A). We used deposition thicknesses of 10 
and 25 nm and compared with a thermally de- 
posited thickness of 1000 nm, all deposited on 
a carbon-based gas diffusion layer. For further 
comparison, we deposited commercial Cu nano- 
particles (particle size, <50 nm) at a loading 
concentration of 1000 g/cm” by using a drop- 
casting technique. We characterized nanopar- 
ticle size and surface morphology by SEM and 
scanning TEM for particle sizes ranging from 
15 to 40 nm (figs. S11 and S12). Ex situ x-ray 
photoelectron spectroscopy (XPS) of all three 
samples showed the presence of C, Cu, and O 
(fig. S13). The Cu peaks indicated a mixture of 
metallic Cu and Cu?*. X-ray powder diffrac- 
tion confirmed the crystalline structure of the 


samples. The catalyst loadings, analyzed with 
the use of inductively coupled plasma atomic 
emission spectrometry (ICP-AES), were ~11, 28, 
and 1100 ug for the thermally deposited 10-, 25-, 
and 1000-nm samples, respectively. In CO.-RR 
tests in an H cell configuration using 0.1 M 
KHCOz; electrolyte, these samples exhibited 
C,H, faradaic efficiency comparable to that of 
reported Cu and oxide-derived Cu catalysts 
(fig. S14 and table S13). 

The CO.-RR activities of the Cu samples were 
evaluated in the flow cell reactor with 10 M KOH 
(Fig. 2A and figs. S15 to S17). At less-negative 
potentials (—0.4 V versus an RHE and potentials 
closer to zero), the samples showed similar slopes, 
indicative of similar levels of intrinsic activity. 
The two thicker samples showed higher current 
densities than the 10- and 25-nm samples at 
similar potentials, indicating that the higher 
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Fig. 2. Hydroxide-mediated CO2 reduction performance on abrupt reaction interface 
catalysts. (A) Geometric reduction current density as a function of applied potential with 10 M 
KOH electrolyte on Cu samples of varying thickness. The 10-, 25-, and 1000-nm samples were 
thermally deposited, and the 1000-ug sample used drop-casted nanoparticles. (B) C2H, faradaic 


efficiencies in the current density range of 200 to 300 mA cm™ 


= showing the increased CsH, 


selectivity of the abrupt reaction interface samples (10 and 25 nm) compared with that of thicker 
samples (1000 nm and 1000 ug) that allow for a more distributed reaction. (C) Hz faradaic 
efficiencies showing lower Hz generation on abrupt interface catalysts. (D) Optimization of 
electrolyte for high CH, selectivity on a 25-nm sample: 10 M KOH (at 275 mA cm“), 5.5 M KOH 
with 4 M KI (at 500 mA cm”), and 3.5 M KOH with 5 M KI (at 750 mA cm”). Values are means, 


and error bars indicate SD (n = 3 replicates). 
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catalyst loading distributes the reaction beyond 
25 nm, as predicted in Fig. 1D. At more-negative 
potentials, however, the reaction rates on the 
thinner samples were higher than those on the 
thicker samples, resulting in similar current den- 
sities at —0.54 V versus an RHE. When we an- 
alyzed product selectivities in 10 M KOH, we 
found that the samples showed optimal ethyl- 
ene production in the current range of 225 to 
275 mA cm™~ (Fig. 2B), as CO selectivity de- 
creased with current density (fig. S16). Both 
the 10- and 25-nm samples showed an ethylene 
faradaic efficiency higher than 60%, with the 
25-nm sample peaking at 66% ethylene and ex- 
hibiting ethanol at 11% and acetate at 6% (figs. 
$16 and S17). Overall, the 25-nm sample showed 
a total C, selectivity of 83% at 275 mA cm” 
and a low potential of -0.54 V versus an RHE, 
corresponding to a half-cell ethylene conver- 
sion efficiency of 44% (table S1). The 25-nm 
narrow reaction interface also enabled a high 
ethylene mass activity of 6.5 A mg’ (table S1 
and fig. S16). 

The higher CO, reduction selectivities achieved 
on the thinner catalyst layers were attributable 
in part to a decrease in Hy production as a pro- 
portion of the total current density, from >15% 
in the case of the 1000-nm sample to only 5% 
(Fig. 2C). As shown in Fig. 1B, with the aid of a 
large CO, supply and a low applied potential, 
CO, reduction is favored over Hy evolution. At 
higher currents and potentials, the CO.-RR can 
also suppress H, evolution by occupying sur- 
face sites. In highly alkaline conditions, how- 
ever, a portion of the 1000-nm catalyst layer is 
largely devoid of CO, (Fig. 1D and fig. S3), leav- 
ing Hp evolution as the only possible reaction 
pathway in this region at higher potentials. 
These results indicate the need to limit the 
thickness of the catalyst layer at higher current 
densities and potentials to prevent unwanted 
H, evolution. The effect of reduced CO, avail- 
ability on CO2-RR selectivity could also be ob- 
served at non-CO,-limited current densities 
in 1M KOH on the 25-nm sample by lowering 
the partial pressure of CO, in the gas phase 
(fig. S18). 

Although the most efficient ethylene produc- 
tion occurred in 10 M KOH, similar ethylene 
selectivities were achieved at higher partial cur- 
rent densities with a thinner catalyst layer and 
lower KOH concentrations. By using a thin cat- 
alyst to create a catalyst-mediated abrupt reac- 
tion interface for the CO.-RR, we could partially 
replicate the effect of using 10 M KOH to create 
a hydroxide-mediated abrupt reaction interface 
(Fig. 1D). Using a catalyst thickness of 25 nm, 
we achieved ethylene selectivities of 66, 65, and 
63% at total current densities of 275, 500, and 
750 mA cm~? in KOH concentrations of 10, 5.5, 
and 3.5 M, respectively; in each case KI was 
added to replace the missing potassium (Fig. 
2D). KI was chosen because iodide in the elec- 
trolyte is known to increase CO, reduction ac- 
tivity by accelerating the hydrogenation of the 
key adsorbed CO intermediate (37). We then 
achieved an ethylene partial current density of 
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473 mA cm~ at only —0.67 V versus an RHE 
(fig. S19). 

Although high electrochemical performance 
is achieved with the traditional carbon-based 
gas diffusion layer architecture, the stability 
of catalysts on these substrates was poor. The 
carbon-based gas diffusion electrode degrades 
(fig. S20) within 1 hour of continuous CO,-RR 
operation, regardless of catalyst thickness (25 
and 1000 nm) or electrolyte concentration (1 and 
7M KOH). We studied the stability of the carbon- 
based gas diffusion electrode itself by carrying 
out electroreduction on a gas diffusion layer 
without a Cu catalyst. The results show that the 
oxygen content in the gas diffusion layer doubled 
and that the surface of carbon turned from hy- 
drophobic to hydrophilic when a negative poten- 
tial of —0.4 to -0.8 V versus an RHE was applied 
(fig. S21). We concluded that the instability of 
the Cu on a carbon-based gas diffusion electrode 
arose because the gas diffusion layer became 
flooded as its hydrophobicity was lost during 
operation. Once the gas diffusion layer floods, 
the pathways for the diffusion of CO, in the gas 
phase toward the catalyst become obstructed 
and high CO, reduction currents can no longer 
be sustained. 

To improve stability, we sought to develop a 
new electrode configuration that decoupled the 
hydrophobic and current collection requirements 
of traditional carbon-based gas diffusion layers 
(Fig. 1A). Instead of relying on a single multi- 
functional layer, we separated the polytetra- 
fluoroethylene (PTFE) and carbon nanoparticles 
(NPs) into two layers that sandwich our Cu cat- 
alyst while maintaining an abrupt reaction in- 
terface (Fig. 3A). In this configuration (graphite/ 
carbon NPs/Cu/PTFE electrode) the pure PTFE 
layer acts as a more stable hydrophobic gas 
diffusion layer that prevents flooding, and the 
presence of carbon NPs and graphite stabilizes 
the Cu catalyst surface. To fabricate the new 
polymer-based gas diffusion electrode, we sput- 
tered a Cu catalyst layer onto a porous PTFE 
membrane with a pore size of 220 nm (Fig. 3C). 
Carbon black nanoparticles were then spray- 
coated on top to electrically connect the catalyst 
layer and provide a uniform distribution of cur- 
rent density over the geometric surface (fig. S22). 
An added graphite layer acted as an overall sup- 
port and current collector. The thin Cu layer is 
seen sandwiched between the two layers in a 
cross-sectional SEM image showing that the 
abrupt CO, reaction interface is conserved in 
this configuration (Fig. 3B). XPS characteriza- 
tion (fig. S22) revealed that the sample consisted 
mainly of Cu° and Cu?*. 

The new electrode showed high CO.-RR se- 
lectivity relative to Hy evolution in’7 M KOH, 
similar to the carbon-based gas diffusion elec- 
trode (table S13). Although the addition of the 
carbon NPs between Cu and graphite did not 
affect the total current density (fig. S23), the 
ethylene faradaic efficiency rose to 70% (Fig. 
3D). The additional carbon support may con- 
tribute to a more even distribution of current 
across the Cu electrode while inhibiting the 
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diffusion of OH” to the bulk electrolyte, further 
diminishing CO production to 3% (fig. $23). To 
evaluate the possibility that carbon NPs could 
act as a carbon source, we performed the CO,- 
RR with isotopic 'CO, as the feedstock. The 
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C,H, Faradaic efficiency (%) 


data show that all of the produced ethylene was 
derived from “CO, (fig. $24). 

The new graphite/carbon NPs/Cu/PTFE elec- 
trode operated for 150 hours without a loss in 
ethylene selectivity at current densities between 
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Fig. 3. Structure and performance of the polymer-based gas diffusion electrode. (A) Schematic 
illustration of the graphite/carbon NPs/Cu/PTFE electrode. (B) Cross-sectional SEM image of a 
fabricated graphite/carbon NPs/Cu/PTFE electrode. (©) SEM image of Cu nanoparticles sputtered 
on the PTFE membrane. (D) Comparison of ethylene faradaic efficiencies on graphite/carbon NPs/ 
Cu/PTFE and graphite/Cu/PTFE electrodes for CO2-RR in 7 M KOH electrolyte. Values are means, 


and error bars indicate SD (n = 3 replicates). 
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Fig. 4. Stability test of the polymer-based electrode. Long-term performance test of COz reduction to 
ethylene in 7 M KOH showing high selectivity stability of the graphite/carbon NPs/Cu/PTFE electrode 


compared with that of a traditional carbon-based gas diffusion electrode (GDE). The stability of a graphite/ 


Cu/PTFE electrode is shown for comparison to highlight the importance of the carbon NPs as a 
contacting and stabilizing layer. Insets show the cross-section SEM and energy-dispersive x-ray 
spectroscopy mapping of the sample after 150 hours of continuous CO2 reduction operation. 
The stability test was performed at a constant applied voltage of —0.55 V versus the RHE. The current 
gradually decreased from 100 to 75 mA cm? over 150 hours of operation. 
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75 and 100 mA cm™ (Fig. 4 and fig. S25). This 
performance demonstrates a 300-fold increase 
in the operating lifetime compared with that of 
the Cu/carbon gas diffusion layer. The graphite/ 
carbon NPs/Cu/PTFE design also provided lon- 
ger, higher, and more consistent ethylene selec- 
tivities than the same electrode configuration 
without carbon NPs because of the more mecha- 
nically and electrically connected catalyst layer 
(figs. S25 and S26). Because CO, conversion to 
hydrocarbons is usually carried out at very nega- 
tive potentials (such as —1 V versus an RHE), 
material restructuring—even in milder electro- 
lytes and at lower operating currents—can occur 
over time, and few catalysts have demonstrated 
sustained high ethylene selectivities over 1 hour 
of operation (table S13). We propose that the low 
overpotential required in our system may con- 
tribute to avoiding excessive surface reconstruc- 
tion (38) and may be a factor in the observed 
stable selectivity for ethylene. The observed de- 
crease in current density on the graphite/carbon 
NPs/Cu/PTFE catalyst over extended operating 
times is equivalent to a 20-mV increase in po- 
tential (fig. S23). 

The new electrode configuration shows prom- 
ise as an easy-to-construct and highly stable 
system that is compatible with a variety of dif- 
ferent catalysts and operating conditions, as dem- 
onstrated here by the long-term stability in 7M 
KOH. Stable testing in highly alkaline con- 
ditions is also important practically, as a high- 
conductivity electrolyte will likely be required 
to reduce ohmic losses and boost the overall 
efficiency of an entire cell. Operating in 10 M 
KOH versus 0.1 M KHCOs, for instance, results 
in a decrease in ohmic overpotentials by a factor 
of 47. 

We combined the graphite/carbon NPs/Cu/ 
PTFE cathode with a NiFeO,, (39) oxygen evo- 
lution catalyst (fig. S27) to perform a full-cell 
operation in 7 M KOH electrolyte (fig. S28). The 
system delivers a full-cell energy efficiency for 
conversion to ethylene of 34% [without the 
benefit of ohmic resistance (7R) correction] 
at an applied voltage of 2.4 V and an average 
current density of 110 mA cm” over 1 hour of 
operation. 

The concept of forming an abrupt reaction 
interface at a catalyst in highly alkaline media 
enabled advances in the combination of ethyl- 
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ene electroproduction current density, selec- 
tivity, and operating lifetime. The resultant 
electrical-to-chemical power conversion effi- 
ciency, when coupled with the operating sta- 
bility, indicates a promising platform for CO, 
reduction applications. 
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PROTECTED AREAS 


One-third of global protected land 
is under intense human pressure 


Kendall R. Jones,”?* Oscar Venter,® Richard A. Fuller,”** James R. Allan,’ 
Sean L. Maxwell,’” Pablo Jose Negret,’? James E. M. Watson??> 


In an era of massive biodiversity loss, the greatest conservation success story has been 
the growth of protected land globally. Protected areas are the primary defense against 
biodiversity loss, but extensive human activity within their boundaries can undermine this. 
Using the most comprehensive global map of human pressure, we show that 6 million 
square kilometers (32.8%) of protected land is under intense human pressure. For 
protected areas designated before the Convention on Biological Diversity was ratified in 
1992, 55% have since experienced human pressure increases. These increases were lowest 
in large, strict protected areas, showing that they are potentially effective, at least 

in some nations. Transparent reporting on human pressure within protected areas is now 
critical, as are global targets aimed at efforts required to halt biodiversity loss. 


n response to massive worldwide biodiversity 
loss (1), the global extent of protected land 
has roughly doubled in size since the 1992 
Earth Summit in Rio de Janeiro, Brazil, with 
more than 202,000 protected areas now cov- 
ering 14.7% of the world’s terrestrial area (2). The 
recent expansion has been closely associated with 
Aichi Biodiversity Target 11, which mandates the 
inclusion of at least 17% of terrestrial areas in ef- 
fectively managed and ecologically representative 
protected areas by 2020 (3). Protected areas have 
various management objectives, ranging from 
strict biodiversity conservation areas [Interna- 
tional Union for Conservation of Nature (IUCN) 
categories I and II] to zones permitting certain 
human activities and sustainable resource extrac- 
tion (IUCN categories III to VI), but the primary 
objective of all protected areas with an IUCN cat- 
egory is to conserve nature (4). As such, maintain- 
ing the ecological integrity and natural condition 
of these areas is essential to ensure the protection 
of species, habitats, and the ecological and evo- 
lutionary processes that sustain them (3). 

The increasing growth and overall extent of 
protected areas is deservedly celebrated as a con- 
servation success story (5), and there is no doubt 
that well-managed protected areas can preserve 
biodiversity (6, 7). However, despite the clear re- 
lationship between human activities and bio- 
diversity decline (8), and the prevalence of these 
activities inside many protected areas (9), there 
has been only one global assessment of multiple 
human pressures within protected areas (10). 
This study mapped human pressure at a coarse 
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scale, considered only a small subset of global 
protected areas (n = 8950), and did not consider 
many important human pressures, such as roads 
and navigable waterways (11), livestock grazing 
(12), and urbanization (13). A comprehensive 
analysis of cumulative human pressure within 
protected areas, and how this has changed 
since the Convention on Biological Diversity was 
ratified in 1992, is necessary to assess how hu- 


man pressure inside protected areas may im- 
pede progress toward international conservation 
targets (3). 

Here we use the most comprehensive global 
map of human pressure on the environment [the 
human footprint; (74)] to quantify the extent and 
intensity of human pressure within protected 
areas and how this has changed since 1992. The 
human footprint provides a single pressure met- 
ric that combines data on built environments, 
intensive agriculture, pasture lands, human pop- 
ulation density, nighttime lights, roads, railways, 
and navigable waterways (14). The presence of 
these pressures is directly linked to constraints 
on and declines in biodiversity (8, 15, 16). We de- 
lineate areas of intense human pressure in pro- 
tected areas (human footprint = 4; see methods) 
and explore how excluding these areas would 
affect measurements of progress toward Aichi 
Biodiversity Target 11. We also assess the impact 
of protected-area size and IUCN management 
category on patterns of human pressure within 
protected areas. 

We find that the average human footprint score 
within protected areas is 3.3, almost 50% lower 
than the global mean of 6.16 (74). Despite this, 
human activities are prevalent across many pro- 
tected areas, with only 42% of protected land free 
of any measurable human pressure (figs. S1 and 
$2). Areas under intense human pressure make 
up 32.8% (6,005,249 km?) of global protected land 
(Fig. 1), and more than half (57%) of all protected 


Area under intense human pressure (%) 


subject to intense human pressure, spanning from low (blue) to high (orange) levels. (B) Kamianets- 
Podilskyi, a city within Podolskie Tovtry National Park, Ukraine. (C) Major roads fragment habitat 
within Mikumi National Park, Tanzania. (D) Agriculture and buildings within Dadohaehaesang 
National Park, South Korea. [Photo credits: Google Earth] 
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areas contain only land under intense human 
pressure (concentrated in western Europe, south- 
ern Asia, and Africa; Fig. 1). Just 4334 protected 
areas (10% of analyzed areas; see methods) are com- 
pletely free of intense human pressure (Fig. 1), 
and these primarily occur in remote areas of high- 
latitude nations, such as Russia and Canada. 

Protected areas with strict biodiversity con- 
servation objectives (IUCN categories I and II) 
are subject to significantly lower levels of human 
pressure (Kruskal-Wallis test; H = 5045.2, P< 
0.001; fig. S3A), and a lower proportion of their 
area under is intense human pressure (Kruskal- 
Wallis test; H = 4609.6, P < 0.001; fig. S3B), 
compared to those permitting a wider range of 
human activities (Table 1). This effect is not sen- 
sitive to the threshold used to determine intense 
human pressure (fig. S4), and there are still a 
considerable number of less-strict protected 
areas (IUCN categories III to VI) under low hu- 
man pressure (fig. S4). Smaller protected areas 
are much more likely to have high levels of hu- 
man pressure than larger protected areas (Fig. 2; 
linear regression, ¢ value = -58.02, P < 0.001). 
Nonetheless, many small protected areas con- 
tain low human pressure (Fig. 2), and they can 
be crucial for providing habitat in highly modi- 
fied landscapes (17). This is especially true in 
protected areas where biodiversity has persisted 
under high human influence and traditional 
management practices (IUCN category VI) can 
maintain biodiversity values (78). 

Mean human pressure has increased substan- 
tially since the Earth Summit, both worldwide 
[9% increase; (14)] and within protected areas 
(6% increase; table S1). Human pressure in- 
creased in 55% (n = 11,390) of protected areas 
designated in or before 1993, with substantial 
increases (mean human footprint increase > 1) 
occurring in 10% (n = 3966; fig. S5). Although 
strict protected areas (IUCN categories I and II) 
have the lowest current levels of human pressure, 
IUCN management category does not appear to 
affect the rate at which human pressure has in- 
creased (table S1). Protected areas designated 
after 1993 have a lower level of intense human 
pressure within their borders, compared to those 


designated in or before 1993, suggesting that re- 
cent protected-area establishment may be tar- 
geting a higher percentage of area under low 
human pressure (Table 1). 

The most concerning increases in human pres- 
sure are in those landscapes that were intact 
when a protected area was designated. Within 
protected areas designated during or before 
1993, 280,000 km? of land has changed from a 
low- to an intense-human pressure category 
(table S1). Strict protected areas (IUCN catego- 
ries I and ID) lost far less of their low-pressure 
land than non-strict protected areas (3.6 versus 
8%; fig. S6), and, by far, the largest losses occurred 
in those without an IUCN category (17%; fig. S6). 


Human pressure inside protected areas is 
likely compromising national progress toward 
Convention on Biological Diversity obligations. 
Almost three-quarters of nations (7 = 137, 70%) 
have >50% of their protected land under intense 
human pressure (fig. S7 and table S2). If one 
assumes that protected land under intense hu- 
man pressure does not contribute toward con- 
servation targets, we show that 74 of the 111 
nations that have reached a level of 17% protected- 
area coverage would drop out of that list (fig. S7 
and table $2). Moreover, the protection of some 
biomes (for example, mangroves and temper- 
ate forests) would decrease by >70% (Fig. 3A). 
Although 301 (38% of) ecoregions (ecologically 


50 e Fig. 2. Influence of protected-area size on 
human pressure intensity. Size of protected 
% area (x axis) versus mean human footprint 
e scores within each protected area (y axis). 
e Because of the large number of overlapping 
40 & Ss points, values have been grouped into hexagonal 
s bins, with brighter-red bins containing more 
protected areas. 
= 30 Number of 
Ss protected areas 
2 Hix 
5 | eo 
= BB ix 
= 20 
= 20 
=] 
10 
Oo 
0 Ss Ss 
2 4 6 8 10 12 14 


log(protected area size) 


Table 1. Influence of protected-area category on current human pressure. Strict biodiversity conservation areas (IUCN categories | and II) contain lower 
levels of human pressure than protected areas that permit a broader range of activities (for example, nonindustrial resource use; IUCN categories III to VI). 
NA represents those protected areas without an assigned IUCN category. Protected areas smaller than 5 km? are excluded. 


IUCN category 


Number of protected areas (area in km) 


3,992 (2,089,560) 


Mean human footprint 


Area under intense pressure (%) 


3,628 (4,529,337) 


7412 (2,410,055) 


2,365 (2,859,949) 


41,928 (19,147,911) 
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Tundra 
Montane grasslands and shrublands 
Tropical moist forests 

Flooded grasslands and savannas 
Temperate coniferous forests 

Taiga and boreal forests 

Mangroves 

Deserts and xeric shrublands 
Tropical and subtropical grasslands 
Mediterranean forests 
Tropical coniferous forests 
Temperate mixed forests 
Tropical dry broadleaf forests 


Temperate grasslands and savannas 
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= Protection - low pressure 


20% 


40% 60% 80% 100% 
Biome area 
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17% CBD target 


Fig. 3. Human pressure com- 
promises protection of 
biomes and ecoregions. 

(A) The percentage of individual 
biome areas identified as 
protected area with low human 
pressure (protection—low pres- 
sure), protected area with intense 
human pressure (protection— 
intense pressure), and area that 
is not protected (unprotected). 

(B) More than one-third (38%) 

of ecoregions have >17% (vertical 
blue bar) of their area protected 
(dark shaded regions). The y axis 
represents all analyzed ecoregions, 
from most to least protected. 
(C) When protected land under 
intense human pressure is 
excluded, the number of ecoregions 
meeting the 17% Convention 

on Biological Diversity target is 
almost halved (21%). 


similar areas) currently have more than 17% cov- 
erage inside protected areas (Fig. 3B), excluding 
land subject to intense human pressure would 
almost halve this (nm = 167, 21%; Fig. 3C). These 
results make a clear case that nations reporting 
solely on the area of protected land may be over- 
estimating the true level of protection for bio- 
diversity and highlight the need for international 
reporting on protected areas to include robust, re- 
producible measures of human pressure and eco- 
logical condition (5). It is also important to note 
that we are unable to capture the full range of 
human impacts on biodiversity, such as ecological 
shifts associated with changing climate and dis- 
turbance regimes (19), which should also be incor- 
porated into measures of protected-area condition. 
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Although we show that human pressure may 
be compromising the conservation value of pro- 
tected lands worldwide, we are not suggesting 
that high-pressure protected areas be degazzetted 
(abolished) or defunded. On the contrary, it is 
crucial that nations recognize the profound con- 
servation gains that can be realized by “upgrad- 
ing” (increasing the strictness of protection zones) 
and restoring degraded protected areas, while re- 
specting the needs of local people (20). A cru- 
cial part of this will be combatting the chronic 
underfunding of protected areas worldwide, 
which will require recognizing and quantifying 
the return on investment that well-managed pro- 
tected areas provide, through preservation of cul- 
tural heritage, improvements in economic and 


social well-being, and the natural capital they 
hold (21, 22). Funding could also be increased 
through mechanisms that allow nations to trade 
or offset conservation funding and commitments, 
so wealthy nations can support conservation in 
poorer nations (23). Our finding that there is no 
relationship between the degree of human pres- 
sure and IUCN categories III to VI points to a 
need for nations to categorize protected areas 
on the basis of consistent classifications of per- 
mitted human activities, which would ensure 
that IUCN categories better reflect the actual 
impacts of human activities within protected 
areas (24). 

We show that human pressure is prevalent 
within many protected areas, but our work is 
subject to three caveats. First, although we ex- 
plore a scenario in which land under intense 
human pressure does not contribute toward con- 
servation targets, some aspects of biodiversity 
can persist in areas of high human pressure [for 
example, mixed agricultural land (25)], and some 
protected areas are intentionally placed in high- 
pressure areas. Second, the human footprint does 
not account for all pressures affecting biodiver- 
sity, such as poaching or climate change. This is 
especially true for developing regions, where ac- 
tivities such as small-scale shifting agriculture 
and poaching are exerting considerable pres- 
sure on biodiversity in many protected areas (9). 
Third, the human footprint measures the pres- 
sure humans place on the environment, not the 
realized state or impact on biodiversity. Further 
studies investigating how natural systems within 
protected areas respond to specific human pres- 
sures, or assessing the impacts of human pres- 
sure on biodiversity within protected areas at a 
local scale, would provide valuable additional 
information for measuring progress toward Con- 
vention on Biological Diversity commitments. 

The Convention on Biological Diversity pro- 
vides an opportunity to overcome one of society’s 
grandest challenges—halting global biodiversity 
loss. Many nations report being on track to meet 
their commitments (2), but our analysis suggests 
that this progress may be undermined by wide- 
spread human pressure inside protected areas. 
As nations continue to expand their protected- 
area estates, there is clearly an urgent need for 
them to undertake objective assessments of hu- 
man pressure and habitat condition within pro- 
tected areas. These efforts must be combined with 
better management practices in land beyond 
protected areas, to ensure that nature conserva- 
tion goals can be more fully achieved across di- 
verse landscapes in the long term. 
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CLIMATE CHANGE 


The projected effect on insects, 
vertebrates, and plants of limiting 
global warming to 1.5°C rather than 2°C 


R. Warren,’* J. Price,’ E. Graham,” N. Forstenhaeusler,' J. VanDerWal” 


In the Paris Agreement on Climate Change, the United Nations is pursuing efforts to limit 
global warming to 1.5°C, whereas earlier aspirations focused on a 2°C limit. With current 
pledges, corresponding to ~3.2°C warming, climatically determined geographic range losses 
of >50% are projected in ~49% of insects, 44% of plants, and 26% of vertebrates. At 

2°C, this falls to 18% of insects, 16% of plants, and 8% of vertebrates and at 1.5°C, to 

6% of insects, 8% of plants, and 4% of vertebrates. When warming is limited to 1.5°C as 
compared with 2°C, numbers of species projected to lose >50% of their range are reduced by 
~66% in insects and by ~50% in plants and vertebrates. 


limate change poses risks to biodiversity 
through a number of mechanisms (J-3). 
The United Nations Framework Conven- 
tion on Climate Change (UNFCCC) Paris 
Agreement aims to limit global warming 
to “well below 2°C” above preindustrial levels 
and to “pursue efforts” to limit it to 1.5°C. Pre- 
vious policy-relevant research on the risks cli- 
mate change poses to biodiversity focused on 
quantifying the benefits of limiting warming to 
2°C above preindustrial levels in terms of avoided 
range loss (4). Studies of the potential effects of 
climate change on insects generally focused on 
small groups only [e.g., (5-8)], although some 
studies covered a family of insects in a single 
country [e.g., Australian butterflies (9)]. 

Here we quantify the difference that avoiding 
an additional 0.5°C warming (from 2° to 1.5°C) 
by 2100 would make for biodiversity in terms 
of avoided changes in climatically determined 
range size (loss or gain, hereafter “range size”). 
We provide a global assessment of the potential 
impacts of climate change on the range sizes of 
more than 115,000 terrestrial species, including 
more than 34,000 insects and other invertebrates 
not included in previous global-scale studies of 
climate change and biodiversity [(4, 10)]. 

This work builds on the earlier study with a 
number of notable updates and improvements 
(4, 11): the inclusion of insects, which are par- 
ticularly important for healthy ecosystem func- 
tioning (72); a near-tripling of the number of 
species studied; a nearly five times higher spatial 
resolution [allowing the inclusion of species with 
ranges approximately one-fifth the size of those 
in a previous analysis (4)]; and a set of new 
climate change scenarios and models. We also 
specifically looked at warming levels specific to 
current policy efforts, including a scenario in 
which countries make no further emission reduc- 
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tions after achieving the first Nationally Deter- 
mined Contributions in 2030, hereafter referred 
to as “current pledges,” corresponding to the 
upper end of a warming range of 2.6° to 3.2°C 
(http://www.wri.org/) (13); and with a scenario 
with little or no climate change mitigation and 
a warming of 4.5°C [all temperatures relative to 
preindustrial (7)]. 

Two complementary metrics are used to com- 
pare climate change scenario outcomes for the 
taxa studied: metric 1, the proportion of species 
losing >50% of their current climatically de- 
termined range, providing a broad-brush indi- 
cator of biodiversity range loss comparable with 
previous studies; and metric 2, the total inte- 
grated range loss, providing a complementary 
indicator of biodiversity range loss that allows 
the full range of outcomes within taxa to be ex- 
amined. It has a maximum value of 1, which 
corresponds to 100% range loss in all species 
and gives the magnitude of range loss across all 
species in a taxon. 

Constraining warming to 1.5°C instead of 2°C 
reduces the number of plant and vertebrate 
species exposed to >50% projected range loss by 
~50% (Fig. 1 and table S2) for all taxa explored 
(although the benefits are slightly smaller for 
reptiles). However, for insects (and more broad- 
ly, invertebrates), the risks are reduced by 
~66%. Overall, the risks at 4.5°C warming are 8 to 
10 times larger than those at 1.5°C warming. 

With current pledges (~3.2°C), projected geo- 
graphic range losses of >50% occur in 49% (31 to 
65%) of the insects, 44% (29 to 63%) of the 
plants, and 26% (16 to 40%) of the vertebrates. 
At 2°C, these are reduced by 60 to 70%, to 18% 
(6 to 35%) of the insects, 16% (9 to 28%) of the 
plants, and 8% (4 to 16%) of the vertebrates. At 
1.5°C, this is reduced further to 6% (1 to 18%) of 
the insects, 8% (4 to 15%) of the plants, and 4% 
(2 to 9%) of the vertebrates (table S2). Overall, 
insects are exposed to greater potential climatic 
range loss than any other animal group (Fig. 1) 
and also benefit the most if warming is con- 
strained to 1.5°C rather than 2°C. Among insect 


orders, Diptera, Coleoptera, and Hemiptera show 
the greatest potential range loss and Odonata the 
lowest (fig. S1). 

Our findings support earlier literature project- 
ing large increases in range loss and extinction 
risk potentially associated with warming (J4, 15). 
The shapes of the range loss curves (Fig. 2) provide 
additional information about numbers of species 
losing large proportions of their range, showing 
how these change from concave at 1.5°C to convex 
by 3.2°C, reflecting increasing risks. For insects 
(fig. S2), this change in form is particularly strong, 
which indicates more rapid increases in risk. 

Under current pledges (3.2°C), the projected 
total integrated range loss is 43% (30 to 55%) in 
the insects, 46% (36 to 57%) in the plants, and 
21% (9 to 34%) in the vertebrates. At 2°C, this is 
reduced by 30 to 60% to 27% (16 to 37%) in the 
insects, 30% (23 to 38%) in the plants, and 10% 
(1 to 20%) in the vertebrates; and at 1.5°C, to 
20% (11 to 28%) in the insects, 24% (18 to 30%) 
in the plants, and 6% (-1 to 14%) in the verte- 
brates (table S3). This metric thus also indicates 
that insects and plants are the groups with the 
greatest exposure, closely followed by amphib- 
jians, and also that insects benefit the most from 
constraining warming to 1.5°C rather than 2°C. 
Our results also show that there is still appre- 
ciable climatic range loss at 1.5°C warming, de- 
spite the relatively small proportions of species 
for which range loss of >50% is projected (Fig. 2, 
figs. S2 and S3, and table S3). 

Figure 1, figs. Sl and S3, and tables S4 and S5 
include corresponding projections for the alter- 
native assumption of no dispersal. Without dis- 
persal, Lepidoptera and Odonata appears more 
vulnerable to climate change than otherwise 
(figs. S2 and S3); as do Aves and Mammalia 
(fig. $2), indicating how critical dispersal is for 
potential climate change adaptation for these 
taxa. Figure 2, fig. S2, and table S6 also indicate 
the small proportions of species gaining range 
size via dispersal. Except for Odonata, the pro- 
portions gaining more than half their range are 
vastly greater than the proportions losing over 
half, except at 1.5°C warming. In this case, when 
dispersal is included, the proportions of Mamma- 
lia and Aves species gaining or losing >50% of 
their climatic range is similar at 1.5°C (table S6), 
and the total integrated range loss is also close 
to zero (Fig. 2 and table S3). Odonata shows a 
very different climate response to any other 
taxa, with the number of species gaining range 
appearing to be balanced by the loss at all levels 
of warming, and indeed slightly negative values 
of integrated range loss (table S3). 

Figures S4 and S5 show that among Lepidop- 
tera, moths are at greater risk than butterflies, 
and moths benefit considerably more than but- 
terflies if warming is constrained to 1.5°C rather 
than 2°C, a finding consistent with a recent 
attribution study relating 48% of moth popula- 
tion declines in the United Kingdom to climate 
change (J6). Projected risks for key insect crop 
pollinator families (Apidae, Syrphidae, and Cal- 
liphoridae; i.e., bees, hoverflies, and blowflies) 
are also (figs. S4 and S5) greatly reduced. 
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Figure 3 indicates the geographical distribu- 
tion of the benefits of limiting warming to 1.5°C 
as compared with 2°C, and 2°C compared with 
3.2°C in plants, vertebrates, and insects. Areas 
benefiting the most from constraining warming 
are Southern Africa, parts of the Amazon, Europe, 
and Australia. Figure S6 indicates the projected 
changes in species richness globally at the four 
levels of warming (1.59, 2°, 3.29, 4.5°C above pre- 
industrial levels) and, where appropriate, (for 
animals) including or excluding realistic disper- 
sal. Areas where potential species richness de- 
clines the most due to climate change of 3.2° and 
4.5°C are Southern Africa, Australia, and the 
high Arctic. 

We find substantial benefits to limiting warm- 
ing to 1.5°C above preindustrial levels as com- 
pared with 2°C by 2100. The number of insect 
species projected to lose >50% of their range is 
reduced by about 66%, whereas the number of 
plant and animal species projected to lose more 
than half their range is reduced by ~50%. Hence, 


Fig. 1. The proportion of A 
modeled species losing more 1.0 
than half their climatically 

determined range by 2100 at a 
specific levels of global 0.6 
warming. (A) Invertebrates 0.4 


(n = 34,104), (B) Chordata 

(n = 12,640), (C) Plantae (n = 
73,224), (D) Insecta (n = 
31,536), (E) Mammalia 

(n = 1769), (F) Aves (n = 7966), 
(G) Reptilia (n = 1850), and 

(H) Amphibia (n = 1055). 
Colors: Including (blue) and 
excluding (orange) realistic 
dispersal. Data are presented 
as the mean projection across 
21 alternative climate model 
patterns with error bars indicat- 
ing the 10 to 90% range. 
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Proportion of species losing more than 50% of their range 


successful implementation of the Paris Agree- 
ment could lead to substantial benefits for global 
terrestrial biodiversity. Risks to biodiversity gen- 
erally increase linearly with increased global tem- 
perature rises of between 1.5° and 4.5°C warming 
irrespective of the metric used (figs. S7 and S8). 
The projected risks of warming are in general 
greater for most invertebrates, plants, amphibians, 
and reptiles than for mammals, birds, and a few 
of the insect groups studied, owing to their slower 
dispersal rates. Because range loss may increase 
extinction risk, it follows that limiting warming 
to 1.5°C rather than 2°C also reduces extinction 
risk, and the reduction associated with limiting 
warming to 1.5°C rather than 3.2°C is greater still. 

However, restricting warming to 1.5°C may be 
difficult. Of the 166 climate change mitigation 
scenarios assessed (17), 87% of those limiting 
warming to less than 2°C with >66% probability 
incorporate “negative emissions technology,” typ- 
ically large-scale bioenergy with carbon capture 
and storage (BECCS) (18). If primary bioenergy 
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is used to supply BECCS, up to 18% of the land 
surface could be required by the end of the cen- 
tury (19); or 24 to 36% of the current arable 
cropland (20). Competition for land between 
bioenergy and agriculture could intensify, po- 
tentially leading to indirect land-use change and 
ecosystems conversion to cropland (27-23), un- 
less conservation measures are in place and 
enforced. It could also lead to agricultural inten- 
sification, potentially leading to declines in insect 
populations (24). Hence, to realize the projected 
benefits to biodiversity quantified here, we in- 
troduce the term “Article 2 compliant mitiga- 
tion.” This puts into practice the need to allow 
“ecosystems to adapt naturally” to climate change; 
requiring careful design and expansion of exist- 
ing protected area networks to allow species to 
persist and disperse with warming in tandem 
with mitigation activities. New studies are ex- 
ploring scenarios in which BECCS is produced 
from secondary biofuels, or in which there are 
dietary changes in humans, resulting in greatly 
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Fig. 2. Projected climati- 
cally determined range 
loss by 2100 for all spe- 
cies at specific levels 

of global warming. 

A) Invertebrates (n = 
34,104), (B) Chordata (n = 
12,640), (C) Plantae 

n = 73,224), (D) Insecta 
n = 31,536), (E) Mamma- 
ia (n = 1769), (F) Aves (n = 
7966), (G) Reptilia (n = 
1850), and (H) Amphibia 
n = 1055). The proportion 
ranges from +1 (100% loss) 
to -1 (100% gain); 

values <—1 indicate more 
than 100% gain. X axes 
represent the Oth to 

100th percentile of species 
arranged in order of 
increasing range loss, 
normalized by the number 
modeled in the taxon. 
Losses for each species 
are shown as mean 

and 10 to 90% range 
across regional climate 
model patterns as in Fig. 1. 


Projected range loss in individual species 


reduced effects of indirect land-use change (25). 
The implications of “overshoot” scenarios in 
which temperatures exceed a particular level and 
later return to it are provided in the supplemen- 
tary materials (11). 

This study has focused on a comparison of 
benefits of reaching 1.5°C versus 2°C warming by 
2100. On other time scales, the risks associated 
with reaching these alternative levels of warm- 
ing will depend on the time scale: The earlier a 
particular level of warming is reached, the 
greater the risks, because species will have less 
time to disperse naturally to track their climate 
envelope, and society will have less time to ex- 
pand protected area networks or otherwise fa- 
cilitate movement. Mitigation, therefore, “buys 
time” for adaptation. 
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Individual species 


Global annual mean temperature rise above preindustrial (°C) 


Caveats notwithstanding (11), our results are 
generally considered to likely be conservative, in 
particular in light of the lack of consideration of 
the potential disruption of predator-prey, plant- 
pollinator, mutualistic, or other species-species 
interactions (2, 26) and the limited evidence that 
mutualisms may or may not be substituted un- 
der climate change (27). Such disruptions may 
lead to losses of ecosystem functioning, particu- 
larly important given the finding that projected 
range losses in insects and plants may, in many 
places, exceed those for birds and mammals that 
have a greater ability to disperse naturally to 
track their geographically shifting climate enve- 
lope. Additionally, lack of consideration of po- 
tential risks associated with extreme weather 
events, projected to become more frequent and 
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intense in many regions (28, 29) or fire regimes 
(11), may lead to impacts potentially occurring 
sooner than models project. 

These projected declines in climatically de- 
termined ranges of species would be expected 
to have a concomitant effect on ecosystem func- 
tioning and the delivery of important provision- 
ing and regulating ecosystem services and the 
maintenance of human well-being (30). Recent- 
ly, declines of 76 to 82% in flying insect popu- 
lations have been reported in Germany over 
the past 27 years (24); and, globally, 67% of the 
invertebrates studied showed a 45% abundance 
decline (31). If these observations are repre- 
sentative of global trends, any projected declines 
arising from climate change would add to those 
observed. Such declines would reduce ecosystem 
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Fig. 3. Benefits of global annual mean temperature rise in terms of avoided species richness loss. (A and B) Insecta, (C and D) Chordata, and 
(E and F) Plantae without dispersal. (A, C, E) 1.5°C versus 2°C; (D, E, F) 2°C versus 3.2°C. 


services with concomitant implications for plant 
survival (29, 30). Insects are also key to food 
provisioning for higher trophic levels and per- 
form other key functions in ecosystems such as 
detritivory, herbivory, and nutrient cycling (28, 32, 33). 
Hence, risks to these vital ecosystem functions 
and services performed by insects are substan- 
tially smaller if global warming is constrained 
to 1.5°C above preindustrial levels as compared 
with 2°C. 


REFERENCES AND NOTES 


1. T.L. Root et al., Nature 421, 57-60 (2003). 

2. A. Fischlin et al., in Climate Change 2007: Impacts, Adaptation 
and Vulnerability. Contribution of Working Group II to the Fourth 
Assessment Report of the Intergovernmental Panel on 
Climate Change, M. L. Parry, 0. F. Canziani, J. P. Palutikof, 

P. J. van der Linden, C. E. Hanson, Eds. (Cambridge Univ. Press, 
Cambridge, 2007), pp. 211-272. 
3. E. Post et al., Science 341, 519-524 (2013). 


Warren et al., Science 360, 791-795 (2018) 18 May 2018 


Naas 


QaAanke 


R. Warren et al., Nat. Clim. Chang. 3, 678-682 (2013). 

M. C. Fitzpatrick et al., Ecography 34, 836-847 (2011). 
T. C. Giannini et al., Ecol. Modell. 244, 127-131 (2012). 

V. G. Ferro, P. Lemes, A. S. Melo, R. Loyola, PLOS ONE 9, 
e107792 (2014). 
T.-S. Kwon, C. M. Lee, T. W. Kim, S.-S. Kim, J. H. Sung, 
J. Asia-Pacific Biodiversity 7, e133-e155 (2014). 


L. J. Beaumont, L. Hughes, Glob. Change Biol. 8, 954-971 (2002). 
. W. B. Foden et al., PLOS ONE 8, e65427 (2013). 
ext is available in the supplementary materials. 


Supplementary 
W. W. Weisser, E. Siemann, in Insects and Ecosystem 
Function, W. W. Weisser, E. Siemann, Eds. (Springer Berlin 
Heidelberg, Berlin, Heidelberg, 2008), pp. 3-24. 


. J. Rogelj et al., Nature 534, 631-639 (2016). 


C. D. Thomas et al., Nature 427, 145-148 (2004). 
M. C. Urban, Science 348, 571-573 (2015). 


. B. Martay et al., Ecography 40, 1139-1151 (2017). 
. L. Clarke et al., in Climate Change 2014: Mitigation of Climate 


Change. Contribution of Working Group III to the Fifth 
Assessment Report of the Intergovernmental Panel of Climate 
Change, O. Edenhofer et al., Eds. (Cambridge Univ. Press, 
Cambridge, UK, 2014). 


. P. Smith et al., Nat. Clim. Chang. 6, 42-50 (2015). 


19. 


20. 


al. 


22. 
23. 


24. 
25. 


26. 


A. Wiltshire, T. Davies-Barnard, “Planetary limits to BECCS 
negative emissions” (AVOID2 WPD.2a Report 1, 2015); 
available at www.avoid.uk.net/2015/07/planetary-limits-to- 
beccs-negative-emissions-d2a/. 

A. Popp et al., Clim. Change 123, 495-509 (2014). 

M. Tavoni, R. Socolow, Clim. Change 118, 1-14 (2013). 

P. Smith et al., Glob. Change Biol. 19, 2285-2302 (2013). 

P. Smith, J. Price, A. Molotoks, R. Warren, Y. Malhi, 
Philos. Trans. R. Soc. A 376, 20160456 (2018). 

C. A. Hallmann et al., PLOS ONE 12, e0185809 (2017). 

D. P. Van Vuuren, A. Hof, D. Gernaat, M.-S. de Boer, “Limiting 
global temperature to 1.5°C: implications for carbon budgets, 
emissions and energy pathways” (PBL Netherlands 
Environmental Assessment Agency, 2017). 

R. J. Warren 2nd, M. A. Bradford, Glob. Change Biol. 20, 
466-474 (2014). 


. C. Parmesan, A. Williams-Anderson, M. Moskwik, A. S. Mikheyev, 


M. C. Singer, J. Insect Conserv. 19, 185-204 (2015). 


. O. McDermott Long et al., J. Anim. Ecol. 86, 108-116 (2017). 
. T. H. Oliver et al., Nat. Clim. Chang. 5, 941-945 (2015). 
. K. J. Gaston, R. A. Fuller, Trends Ecol. Evol. 23, 14-19 


(2008). 


. R. Dirzo et al., Science 345, 401-406 (2014). 


4: of 5 


8102 ‘og Aew uo /Bio Beweoualos soua!0s//:d}jy WO papeojuMOGg 


RESEARCH | REPORT 


32. J. C. Biesmeijer et al., Science 313, 351-354 (2006). 
33. K. L. Stuble et al., PeerJ 2, e286 (2014). 


ACKNOWLEDGMENTS 


The model computing and data storage are part of a near-decade-long 
partnership with the eResearch Centre at James Cook University. 
We acknowledge |. Atkinson and his staff for their long collaboration on 
the Wallace Initiative. We thank A. Franco for comments on an earlier 
draft of the manuscript. Funding: This work was funded by the UK 
Natural Environment Research Council (NERC) grant no. NE/PO14992/1. 


Warren et al., Science 360, 791-795 (2018) 


18 May 2018 


Author contributions: All authors contributed to the paper and to all 
aspects of the work, but the main roles of the team members were 
as follows: R.W. wrote the paper and managed the NERC project; J.P.., 
R.W., and J.V. designed the original experiments; E.G., J.P., and J.V. 
prepared the data, ran the models, and analyzed the output data; 
N.F. helped analyze the data and prepare the figures. The team are 
members of the Wallace Initiative collaboration led by J.P. Competing 
interests: The authors have no competing interests. Data and 
materials availability: The data are available from wallaceinitiative.org, 
or by request to datasharing@wallaceinitiative.org. 


SUPPLEMENTARY MATERIALS 


www.sciencemag.org/content/360/6390/791/suppl/DC1 
Materials and Methods 

Supplementary Text 

Figs. Sl to S8 

Tables S1 to S6 

References (34-55) 


1 November 2017; accepted 12 April 2018 
10.1126/science.aar3646 


5 of 5 


8102 ‘og Aew uo /Bio Beweoualos soua!9s//:d}jy WO peapeojuMOGg 


RESEARCH 


MICROBIOTA 


Gut microbiota utilize 


immunoglobulin A 


for mucosal colonization 


G. P. Donaldson,’* M. S. Ladinsky,' K. B. Yu,’ J. G. Sanders,”? B. B. Yoo,’ W.-C. Chou,* 
M. E. Conner,” A. M. Earl,* R. Knight,” P. J. Bjorkman," S. K. Mazmanian™* 


The immune system responds vigorously to microbial infection while permitting lifelong 
colonization by the microbiome. Mechanisms that facilitate the establishment and stability 
of the gut microbiota remain poorly described. We found that a regulatory system in 

the prominent human commensal Bacteroides fragilis modulates its surface architecture 
to invite binding of immunoglobulin A (IgA) in mice. Specific immune recognition facilitated 
bacterial adherence to cultured intestinal epithelial cells and intimate association with the 
gut mucosal surface in vivo. The IgA response was required for B. fragilis (and other 
commensal species) to occupy a defined mucosal niche that mediates stable colonization 
of the gut through exclusion of exogenous competitors. Therefore, in addition to its role 
in pathogen clearance, we propose that IgA responses can be co-opted by the microbiome 


to engender robust host-microbial symbiosis. 


t birth, ecological and evolutionary pro- 

cesses commence to assemble a complex 

microbial consortium in the animal gut. 

Community composition of the adult hu- 

man gut microbiome is remarkably stable 
during health, despite day-to-day variability in 
diet and diverse environmental exposures. In- 
stability, or dysbiosis, may be involved in the 
etiology of a variety of immune, metabolic, and 
neurologic diseases (1, 2). Longitudinal sequenc- 
ing studies indicate that a majority of bacterial 
strains persist within an individual for years (3), 
and for most species there is a single, persist- 
ently dominant strain (4) (termed “single-strain 
stability”). Mucus and components of the innate 
and adaptive immune systems are thought to 
influence microbiome stability, independently 
of diet. For example, immunoglobulin A (IgA), 
the main antibody isotype secreted in the gut, 
shapes the composition of the intestinal micro- 
biome via currently unknown mechanisms (5-8). 
IgA deficiency in mice increases interindividual 
variability in the microbiome (9) and decreases 
diversity (10, 11). The direct effects of IgA on 
bacteria have largely been studied in the context 
of enteric infection by pathogens (12). However, 
early studies of IgA in the healthy gut found 
that the majority of live bacterial cells in feces 
are bound by IgA (13), reflecting a steady-state 
IgA response to persistent indigenous microbes 
(14). Studies show that IgA promotes adherence 
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of commensal bacteria to tissue-cultured intes- 
tinal epithelial cells (15, 16), although the in vivo 
implications of this observation are unclear. Fur- 
thermore, lack of IgA, the most common human 
immunodeficiency, does not affect lifespan and 
only modestly increases susceptibility to respira- 
tory and gastrointestinal infections (77); hence, 
it remains a mystery why the immune system 
evolved to invest the considerable energy needed 
to produce several grams of IgA daily (18). 
Bacteroides fragilis is an important member 
of the human gut microbiome, with beneficial 
properties that ameliorate inflammatory and 
behavioral symptoms in preclinical animal mod- 
els (19-22). This commensal exhibits remarkable 
single-strain stability (23, 24) and enriched colo- 
nization of the gut mucosal surface relative to 
other species (25). To explore physical features 
of B. fragilis interaction with the host epithelium, 
we used transmission electron microscopy (TEM) 
to visualize colonic tissues of monocolonized 
mice. B. fragilis commonly formed discrete 
aggregates of tightly packed cells on the apical 
epithelial surface (Fig. 1A) and penetrated the 
glycocalyx layer of transmembrane mucins, near- 
ly contacting the microvilli (Fig. 1B and fig. S1, A 
and B). Intact B. fragilis cells were also found 
nestled in the ducts of the crypts of Lieberkithn 
(Fig. 1C and fig. S1C). We previously identified a 
genetic locus in B. fragilis, named the commen- 
sal colonization factors (ccfABCDE), which is 
necessary for colonization of colonic crypts 
(26). To assess how these genes affect bacterial 
localization to the mucosal surface, we mono- 
colonized mice with a ccfCDE (Accf) mutant. 
TEM showed that B. fragilis Accf was found 
only as sparse, individual cells within the epi- 
thelial mucosa, excluded from contact with the 
glycocalyx (Fig. 1, D and E); unlike wild-type 
B. fragilis, it was never observed in aggregates 
(Fig. IF). The B. fragilis burden in the colon lumen 
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was identical between strains (fig. S2A), which 
suggests that the CCF system is required specifi- 
cally for bacterial aggregation within mucus. 

High-resolution tomograms of bacterial cells 
in vivo revealed the presence of a thick, fuzzy cap- 
sule layer covering wild-type B. fragilis (Fig. 1G), 
which was significantly reduced in B. fragilis Accf 
(Fig. 1, H and I). We sought to investigate the 
bacterial physiology underlying this ultrastruc- 
tural change and its potential corresponding 
effects on colonization. The ccflocus is highly 
induced during gut colonization (26) and bacte- 
rial growth in mucin O-glycans (27), indicating 
that the CCF system may sense a specific host- 
derived glycan. The ccf genes are homologous to 
polysaccharide utilization systems in which a 
sigma factor (ccfA) is activated by extracellular 
glycan sensing (28); thus, we hypothesized that 
ccfA may activate genes involved in mucosal col- 
onization. We overexpressed ccfA in B. fragilis 
and assessed global gene expression by RNA 
sequencing (RNA-seq) during in vitro growth 
[without overexpression, ccf is poorly expressed 
in culture (26)]. Of the non-cef genes regulated 
by ccfA, 24 of 25 genes mapped to the biosyn- 
thesis loci for capsular polysaccharides A and C 
(PSA and PSC) (Fig. 2, A and B, and table S1). 
Correspondingly, ccf mutation decreased expres- 
sion of PSC and increased expression of PSA 
in vivo (Fig. 2C). Although phase variation of 
capsular polysaccharides is known to influence 
the general in vivo fitness of B. fragilis (29, 30), 
these studies identify a pathway for transcrip- 
tional regulation of specific polysaccharides in 
the context of mucosal colonization. 

We modeled single-strain stability using a 
horizontal transmission assay, wherein co-housing 
animals respectively harboring isogenic strains 
of wild-type B. fragilis resulted in minimal strain 
transmission from one animal to another (Fig. 2D 
and fig. S2A). This intraspecies colonization re- 
sistance is provided through bacterial occupation 
of a species-specific nutrient or spatial niche (26). 
However, as previously reported (26), when mice 
were colonized initially with B. fragilis Accf, ani- 
mals were permissive to co-colonization by wild- 
type B. fragilis after co-housing (Fig. 2E and 
fig. S2B), indicating a CCF-dependent defect 
in niche saturation. Mice harboring a mutant in 
the biosynthesis genes for PSC (APSC) showed 
highly variable co-colonization by wild-type bacte- 
ria (Fig. 2F and fig. S2C). We observed an un- 
expected increase in expression of the PSB 
biosynthesis genes in this mutant (Fig. 2H), 
which may compensate for the loss of PSC. 

We generated a strain defective in synthe- 
sizing both PSB and PSC (APSB/C), and mice 
mono-associated with the double mutant were 
consistently unable to maintain colonization re- 
sistance (Fig. 2G and fig. S2, D to F), even 
though the strain retained ccf expression (fig. S2G). 
Despite lack of competition in a monocolonized 
setting and equal levels of colonization in the 
colon lumen (fig. S2H), the B. fragilis Accf and 
APSB/C strains were defective in colonization 
of the ascending colon mucus (Fig. 21), reflect- 
ing impaired saturation of the mucosal niche. 
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Accordingly, when we used TEM to image the 
APSB/C strain in vivo, although the capsule was 
not as thin as in B. fragilis Acef (fig. S2, I and J), 
the hallmark epithelial aggregation phenotype 
was abrogated relative to wild-type bacteria (fig. 
$2, K and L). Therefore, we conclude that the CCF 


system regulates capsule expression to mediate 
B. fragilis mucosal colonization and single-strain 
stability. 

To investigate host responses contributing to 
mucosal colonization, we defined the transcrip- 
tome of the ascending colon during coloniza- 


tion with wild-type B. fragilis or B. fragilis Accf- 
Remarkably, 7 of the 14 differentially expressed 
genes encoded Ig variable chains (Fig. 3A and 
table S2). We did not observe any elevation of 
immune responses in Accfcolonized mice (fig. S3A), 
indicating that changes in mucosal association 


AWT S 


Fig. 1. Bacteroides fragilis resides as aggregates on the colon 
epithelium in a CCF-dependent manner. (A and B) Representative 
TEM projection (A) and high-resolution tomogram (B) of epithelial- 
associated wild-type (WT) B. fragilis in monocolonized mice. 

Under nonpathogenic conditions, ascending colons of mice harbored 
aggregates of B. fragilis (green arrowheads) that made tight associa- 
tions with the glycocalyx (yellow line) overlying intestinal epithelial cells 
(yellow arrowheads). (C) Tomogram of wild-type B. fragilis penetrating 
deep into the duct of a crypt of Lieberktihn. (D and E) Representative TEM 
projection (D) and tomogram (E) of epithelial-associated B. fragilis Accf. 
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The absence of the CCF system abrogated formation of bacterial 
aggregates and prevented intimate association with the glycocalyx 

(n = 3 mice per group, about 1 mm of epithelium scanned per 

mouse). (F) Quantification of bacterial cells per projection montage [(A) 
and (D)] of epithelial-associated bacteria (mean + SEM, unpaired t test, 
n=/7, 8 images from 4 mice per group). (G and H) Tomograms of the 
bacterial surface of wild-type B. fragilis (G) and B. fragilis Accf (H) 
revealed a thick fuzzy capsule for wild-type bacteria residing in the 
colons of mice. (1) Measurement of capsule thickness (mean + SEM, 
unpaired t test, n = 10 cells from 3 mice per group). ***P < 0.001. 
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Fig. 2. Specific capsular polysaccharides, regulated by ccf, are neces- 
sary for single-strain stability. (A) RNA-seq gene expression analysis 

of B. fragilis overexpressing ccfA during laboratory culture growth, relative to 
empty vector control (n = 3). Green, PSA genes; red, PSC genes; blue, ccf 
genes. (B) Heat map of expression levels for all capsular polysaccharide loci in 
B. fragilis after ccfA overexpression during growth in culture. (C) Relative 
expression using quantitative reverse transcription polymerase chain reaction 
(qRT-PCR; AACt normalized to gyrase) of RNA from colon lumen contents of 
mice monocolonized with B. fragilis or B. fragilis Accf [mean + SEM, Sidak 
two-way analysis of variance (ANOVA), n = 4]. (D to G) Abundance of foreign 
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strains exchanged between pairs of co-housed mice each monocolonized with 
the indicated strains, in colony-forming units (CFU) per gram of feces [Sidak 
repeated-measures two-way ANOVA on log-transformed data, geometric 
mean and 95% confidence interval (Cl), n = 9 to 12 pairs per plot]. (H) Relative 
expression levels of capsular polysaccharides analyzed by qRT-PCR 

(AACt normalized to gyrase) of RNA from colon lumen contents of mice 
monocolonized with B. fragilis or B. fragilis APSC (mean + SEM, Sidak two- 
way ANOVA, n = 3 for wild type, 4 for APSC). (1) Plating of CFU from 
ascending colon mucus of mice monocolonized with B. fragilis strains 
(mean + SEM, Tukey ANOVA, n = 8). *P < 0.05, ***P < 0.001. 


are not caused by inflammation. Accordingly, we 
tested whether capsular polysaccharide regulation 
by ccf affects IgA recognition of bacteria (37-33). In 
fecal samples from monocolonized animals, wild- 
type B. fragilis was highly coated with IgA, which 
was significantly diminished in Accf and APSB/C 
strains (Fig. 3, B and C, and fig. S4A). We observed 
no difference between these strains in the induc- 
tion of total fecal IgA (Fig. 3D), reflecting equiv- 
alent stimulation of nonspecific IgA production 
(10, 34, 35). To test bacteria-specific responses, 
we evaluated IgA that had been extracted from 
feces of mice monocolonized with B. fragilis for 
binding to bacteria recovered from monocolo- 
nized RagI’~ mice (in vivo-adapted, yet IgA-free 
bacteria). Western blots of bacterial lysates showed 
that strong IgA reactivity to capsular polysac- 
charides was abrogated in the Accf and APSB/C 
strains (Fig. 3, E and F). Although IgA can be 
polyreactive (10, 34, 35), binding to lysates of 
Bacteroides was species-specific (fig. S4B) and 
required induction of IgA after bacterial coloni- 
zation (fig. S4, C and D). Accordingly, in a whole- 
bacteria binding assay, IgA induced by wild-type 
bacteria maximally coated wild-type B. fragilis, 
unlike the Accfand APSB/C strains (Fig. 3G). IgA 
induced by B. fragilis Accf exhibited reduced bind- 


Donaldson et al., Science 360, 795-800 (2018) 


ing to wild-type bacteria (Fig. 3G). The addition of 
IgA to in vivo-adapted, IgA-free bacteria increased 
adherence of B. fragilis to intestinal epithelial cells 
in tissue culture (Fig. 3H), yet had no effect on 
bacterial viability (fig. S4E). Cell lines known to 
produce more mucus (36) exhibited a greater 
capacity for IgA-enhanced B. fragilis adherence 
(fig. S4F), consistent with prior work showing 
that IgA binds mucus (36-38). IgA-enhanced ad- 
herence was decreased whether targeted bacteria 
lacked ccfor PSB/C, or whether the IgA tested was 
induced by a ccf mutant or by B. thetaiotaomicron 
(Fig. 3H and fig. S4G). Whereas pathogenic bacte- 
ria elaborate capsular polysaccharides for immune 
evasion, these results suggest that B. fragilis de- 
ploys specific capsules for immune attraction, po- 
tentially enabling stable mucosal colonization. 
We determined whether IgA coating promotes 
B. fragilis colonization in mice. Under the hor- 
izontal transmission paradigm, RagI~ mice col- 
onized with wild-type B. fragilis were readily 
co-colonized by an isogenic strain from a co- 
housed animal (fig. $5, A and B), showing loss of 
colonization resistance in the absence of adapt- 
ive immunity. We next treated wild-type mice with 
an antibody to CD20 (fig. S5C) (39) to deplete B 


cells (fig. S5, D to F), thus reducing total fecal IgA 
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levels (fig. S5G) and eliminating IgA coating of 
wild-type B. fragilis during monocolonization 
(Fig. 4A). IgA recovered from isotype control- 
treated mice that had been monocolonized with 
B. fragilis promoted adherence of wild-type bacte- 
ria to epithelial cells in vitro, whereas IgA from 
anti-CD20-treated mice had no effect despite 
being exposed to B. fragilis antigens (Fig. 4B). 
In the horizontal transmission assay, B cell- 
depleted mice monocolonized with B. fragilis 
were readily invaded by wild-type bacteria, where- 
as isotype control-injected animals retained 
colonization resistance (Fig. 4C and fig. S5H). 
Therefore, active B cell responses to B. fragilis 
colonization enhance single-strain stability. 
Because B cell depletion eliminates all antibody 
isotypes, germ-free IgA7/~ mice (40) were gener- 
ated and monocolonized with B. fragilis. We 
did not observe compensatory coating by IgM 
(fig. S6A). In a horizontal transmission assay 
with wild-type (BALB/c) and IgA7/~ mice, lack 
of IgA allowed co-colonization by challenge 
strains (Fig. 4D and fig. S6, B to D), indicating 
that IgA specifically contributes to single-strain 
stability. This feature was reproduced in mice with 
a full microbial community “spiked” with genet- 


ically marked B. fragilis strains (fig. S6, E and F), 
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Fig. 3. B. fragilis induces a specific A 
IgA response, dependent on ccf 10.0 


Accf WT 


regulation of surface capsular 
polysaccharides, which enhances 
epithelial adherence. (A) RNA-seq 
gene expression analysis of RNA recov- 7.5 
ered from whole ascending colon tissue 
of mice monocolonized with B. fragilis 
or B. fragilis Accf (n = 3). (B) Flow 
cytometry plots of B. fragilis from feces 
of monocolonized mice identified with 
a nuclear stain (SYTO9) and stained 
with an anti-lgA phycoerythrin (PE)- 
conjugated antibody. (C) Quantification 
of IgA coating of B. fragilis from feces of 
mice monocolonized with various 
strains (mean + SEM, Tukey ANOVA, 
n=1lor 12). (D) Enzyme-linked immu- 
nosorbent assay for total fecal IgA in 
monocolonized mice (mean + SEM, 
Sidak repeated-measures two-way 
ANOVA, not significant, n = 4). 

E) Bacterial lysates from feces of 
monocolonized Rag] mice probed 

in Western blots with fecal IgA from 

B. fragilis monocolonized mice. 

F) Quantification of the proportional 
signal from IgA binding to capsular 
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mice colonized with either wild-type B. fragilis or B. fragilis Accf. Because ccf is expressed in vivo, IgA-free bacteria from feces of monocolonized 
Ragl-“ mice were used as the target for IgA binding (mean + SEM, Tukey two-way ANOVA; asterisks denote significant differences from wild-type 
bacteria with wild-type IgA, n = 3). (H) In vitro epithelial cell (HT29) adherence assay using IgA extracted from Swiss Webster mice (or Rag], 
second column) monocolonized with B. fragilis or B. thetaiotaomicron (theta, last column). IgA-free but in vivo—adapted bacteria were isolated from 
monocolonized Ragl~“~ mice (mean + SEM, Tukey ANOVA, n = 4 mice as the source of bacteria). *P < 0.05, **P < 0.01, ***P < 0.001. 


revealing that single-strain stability of an indi- 
vidual bacterial species occurs in the context of 
a complex community. Monocolonized IgA 
mice harbored reduced levels of live bacteria 
in the colon mucus relative to wild-type mice 
(Fig. 4E), although they had greater numbers 
of bacteria in the colon lumen (fig. S6G). TEM 
images of ascending colon tissues reveal that in 
IgA/~ animals, wild-type B. fragilis failed to ag- 
gregate on the epithelial surface (Fig. 4, F and 
G), similar to the ccf and PSB/C mutants in wild- 
type animals. B. fragilis cells also formed aggre- 
gates in feces in the presence of IgA (fig. $7), 
indicating that enhanced mucosal colonization 
may be due to increased aggregation or growth 
(41) within mucus. These findings converge to 
support a model whereby ccf regulates expres- 
sion of specific capsular polysaccharides to at- 
tract IgA binding, allowing for robust mucosal 
colonization and single-strain stability. 
Beyond B. fragilis, we tested whether IgA 
shapes a complex microbiome after controlled 
introduction of mouse microbiota to germ-free 
BALB/c or IgA7/- mice. One month after coloni- 
zation, despite similar microbiome profiles in 
feces of both mouse genotypes (fig. S8A), we ob- 
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served differences for specific taxa (table S3). We 
also identified a defect in community stratifica- 
tion between the colonic mucus and lumen of 
IgA~/ ~ mice (Fig. 4H and fig. S8B); this result 
indicates that IgA is required to individualize 
microbiome profiles between these two anatomic 
locations. Remarkably, a highly mucus-enriched 
exact sequence variant, mapping uniquely to 
B. fragilis, was significantly decreased in the 
mucus of Iga! ~ mice relative to BALB/c mice 
(Fig. 41 and fig. S9A), naturally supporting our 
observations from monocolonized mice. To ex- 
tend this analysis to other microbial species, we 
identified Rikenellaceae, Blautia sp., and seg- 
mented filamentous bacteria as being highly 
IgA-coated (fig. S9B) (35), and we assessed the 
abundance of these taxa in the colonic or ileal 
mucus. Blautia sp. and segmented filamentous 
bacteria displayed increased mucosal association 
in the absence of IgA (Fig. 41) (42), demonstrating 
that IgA can protect the intestinal barrier. How- 
ever, similar to B. fragilis, Rikenellaceae were 
highly abundant in colon mucus and were sig- 
nificantly depleted in IgA~/~ mice (Fig. 41). We 
conclude that IgA-enhanced mucosal coloniza- 


tion occurs within complex communities for 
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multiple strains of B. fragilis and other species of 
the gut microbiome. 

Classically viewed, the immune system evolved 
to prevent microbial colonization. However, our 
findings show that animals tolerate a complex 
microbiome; moreover, in the case of B. fragilis, 
its intimate association with its mammalian host 
is (paradoxically) enabled when an immune re- 
sponse is provoked. Related commensal bacteria 
may also benefit from actively engaging IgA during 
symbiosis, as Rag2~”~ mice devoid of adaptive 
immunity harbor fewer Bacteroides (43) and both 
B cell-deficient and IgA~/~ animals display de- 
creased colonization by the Bacteroidaceae family 
(44). IgA has been previously shown to increase 
adherence of Escherichia coli (15), Bifidobacterium 
lactis, and Lactobacillus rhamnosus (16) to tissue- 
cultured epithelial cells, which suggests that these 
microorganisms may also benefit from IgA to es- 
tablish a mucosal bacterial community. 

Mucosal microbiome instability or loss of im- 
munomodulatory species may underlie the link 
between IgA deficiency and autoimmune diseases 
in humans (45). Whereas IgA-coated bacteria from 
individuals with inflammatory bowel disease (46) 
or nutritional deficiencies (47) exacerbate respective 
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Fig. 4. IgA production in vivo is necessary 
for single-strain stability, mucosal 
colonization, and epithelial aggregation. 
(A) IgA coating of wild-type B. fragilis in feces 
after injection of anti-CD20 or isotype control 
antibody (mean + SEM, unpaired t test, n = 8). 
(B) Epithelial cell (HT29) adherence assay of 
wild-type B. fragilis incubated with IgA extracted 
from the indicated monocolonized mice (mean + 
SEM, Tukey ANOVA, n = 4 mice as the source 
of bacteria). (©) Abundance of foreign strains 
exchanged between pairs of wild-type B. fragilis 
monocolonized mice treated with anti-CD20 or 
an isotype control (geometric mean and 95% Cl, 
Sidak repeated-measures two-way ANOVA on 
log-transformed data, n = 10). (D) Foreign strains 
exchanged between pairs of BALB/c and BALB/c 
IgA“ mice monocolonized with wild-type 

B. fragilis (geometric mean and 95% Cl, Sidak 
repeated-measures two-way ANOVA on log- 
transformed data, n = 9). (E) CFU plating of 
ascending colon mucus of wild-type and |IgA-“~ 
mice monocolonized with wild-type B. fragilis 
(mean + SEM, unpaired t test, n = 9). (F) 
Representative TEM projections of ascending 
colon (yellow arrowhead: epithelial cell) from mice 
monocolonized with wild-type B. fragilis (green 
arrowhead) (n = 3 mice per group, about 1 mm 
epithelium scanned per mouse). (G) Quantifica- 
tion of bacterial cells per projection montage 
(mean + SEM, unpaired t test, n = 7, 6 images from 
3 mice per group). (H) Principal coordinates 
analyses of weighed UniFrac distances of 

16S community profiles of ex-germ-free BALB/c 
nd BALB/c IgA-’~ mice transplanted with a 
complex mouse microbiota (Adonis test within 
‘olon for lumen/mucus difference). (I) Relative 
bundance of B. fragilis and highly |gA-coated 
exact sequence variants in ex—germ-free 
mice. SFB, segmented filamentous bacteria 
(median and interquartile range). *P < 0.05, 
**P'< 0.01, ***P'< 0.001. 


a 
Cc 
Cc 
a 


pathologies in mice, IgA-coated bacteria from 
healthy humans protect mice from disease (47). We 
propose that during health, IgA fosters mucosal 
colonization of microbiota with beneficial prop- 
erties (9), whereas disease states may induce (or 
be caused by) IgA responses to pathogens or 
pathobionts that disrupt healthy microbiome 
equilibria. Indeed, computational models indicate 
that IgA can both maintain indigenous mucosal 
populations and clear invasive pathogens (48). In 
addition to serving as a defense system, adaptive 
immunity apparently evolved to engender intimate 
association with members of the gut microbiome. 
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SLAM-segq defines direct 
gene-regulatory functions 
of the BRD4-MYC axis 


Matthias Muhar,’ Anja Ebert,’ Tobias Neumann,’ Christian Umkehrer,’ Julian Jude,’ 
Corinna Wieshofer,” Philipp Rescheneder,® Jesse J. Lipp,’ Veronika A. Herzog,* 
Brian Reichholf,* David A. Cisneros,’ Thomas Hoffmann,’ Moritz F. Schlapansky,* 
Pooja Bhat,* Arndt von Haeseler,® Thomas Kocher,” Anna C. Obenauf,’ 


Johannes Popow,” Stefan L. Ameres,** Johannes Zuber 


1,6% 


Defining direct targets of transcription factors and regulatory pathways is key to understanding 
their roles in physiology and disease. We combined SLAM-seq [thiol(SH)-—linked alkylation 

for the metabolic sequencing of RNA], a method for direct quantification of newly 
synthesized messenger RNAs (mRNAs), with pharmacological and chemical-genetic 
perturbation in order to define regulatory functions of two transcriptional hubs in cancer, 
BRD4 and MYC, and to interrogate direct responses to BET bromodomain inhibitors (BETis). 
We found that BRD4 acts as general coactivator of RNA polymerase II-dependent 
transcription, which is broadly repressed upon high-dose BETi treatment. At doses 
triggering selective effects in leukemia, BETis deregulate a small set of hypersensitive 
targets including MYC. In contrast to BRD4, MYC primarily acts as a selective transcriptional 
activator controlling metabolic processes such as ribosome biogenesis and de novo purine 
synthesis. Our study establishes a simple and scalable strategy to identify direct 


transcriptional targets of any gene or pathway. 


ranscription factors (TFs) and chromatin 
regulators govern the identity and fate of 
a cell, and their mutation or dysregulation 
drives cancer and other human diseases (7). 
Epigenetic regulators that maintain aber- 
rant cell states have emerged as accessible entry 
points for targeted therapies (2). Among these, 
BET bromodomain inhibitors (BETis) have shown 
activity in preclinical models of leukemia and 
other cancers (2, 3), yet underlying mechanisms 
remain poorly understood. Although BETis inter- 
fere with multiple BET proteins, therapeutic 
effects have mainly been attributed to displace- 
ment of BRD4 from acetylated histones and 
repression of its target genes. In hematopoietic 
malignancies, BETis commonly trigger repression 
of MYC (4-6), an oncogenic TF that is overex- 
pressed in up to 70% of human cancers (7). 
Defining direct targets of transcriptional reg- 
ulators such as BRD4 and MYC is critical, both for 
understanding their cellular function and for 
therapy development. However, deciphering direct 
regulatory relationships remains challenging be- 
cause genomic binding of a factor does not pre- 
dict regulatory functions on neighboring genes, 
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whereas conventional expression analyses after 
gene perturbation preclude a clear distinction 
between direct and indirect effects owing to vast 
differences in mRNA and protein half-lives (fig. 
S1A) (8, 9). An ideal strategy for defining direct 
transcriptional targets would combine rapid pro- 
tein perturbation and subsequent measurement 
of changes in mRNA output at time scales that 
preclude secondary effects. 

Thiol(SH)-linked alkylation for the metabolic 
sequencing of RNA (SLAM-seq) enables the di- 
rect quantification of 4-thiouridine (4sU)-labeled 
mRNAs within the total mRNA pool (J0). This is 
achieved through alkylation of the thiol group in 
4sU (fig. S1B), which prompts misincorporation 
of G during reverse transcription, enabling the 
detection of 4sU as thymine-to-cytosine (T>C) 
conversion in 3'-end mRNA-sequencing. To test 
the suitability of SLAM-seq for detecting imme- 
diate and global changes in mRNA production, 
we measured responses to inhibition of CDK9, a 
cyclin-dependent kinase globally required for re- 
leasing RNA polymerase II (Pol2) from promoter- 
proximal pausing (1). To this end, we treated 
human K562 leukemia cells with the CDK inhib- 
itor flavopiridol and performed SLAM-seq after 
45 min of 4sU labeling (fig. SIC). As expected, 
only a few transcripts showed deregulation at 
the total mRNA level, whereas transcripts con- 
taining T>C conversions were broadly repressed 
(fig. S1, D and E). We further optimized the setup 
to eliminate noise introduced by polymerase chain 
reaction and sequencing errors (fig. SIF) and to 
maximize the recovery of labeled reads (fig. SIG). 
To test whether SLAM-seq captures more spe- 
cific transcriptional responses, we treated K562 


cells with small-molecule inhibitors of their driv- 
ing oncogene BCR-ABL, as well as the kinases Mek 
and Akt, which act in distinct signaling cascades 
downstream of BCR-ABL (fig. S2A) (12). SLAM-seq 
revealed prominent immediate responses to these 
inhibitors (fig. S2, B and C) that were not biased 
by mRNA half-lives (fig. S2D). Combined inhibi- 
tion of Mek and Akt approximated to effects of 
BCR-ABL inhibition, recapitulating their function 
as key effector pathways of BCR-ABL (fig. $2, E 
and F). Together, these pilot studies establish 
SLAM-seq as a rapid and scalable approach for 
probing direct transcriptional responses to drug 
treatment. 

To generalize this approach for investigating 
the vast number of regulators for which, as in the 
case of BRD4, no selective inhibitors are available, 
we sought to combine SLAM-seq with chemical- 
genetic protein degradation (Fig. 1A). To achieve 
sufficiently rapid kinetics, we used the auxin- 
inducible degron (AID) system reported to de- 
grade AID-tagged proteins within less than 1 hour 
(13). Specifically, we introduced a minimal AID- 
tag into the BRD4 locus of K562 cells (Fig. 1B) 
and transduced homozygous knock-in clones with 
a lentiviral vector expressing the rice F-box pro- 
tein transport inhibitor response 1 (Tirl), which 
mediates ubiquitination of AID-tagged proteins 
upon treatment with IAA (indole-3-acetic acid). 
IAA treatment of edited cells triggered a highly 
specific and near-complete degradation of BRD4 
within 30 min (Fig. 1B; fig. S3, A to C; and table 
S1). Whereas introduction of the tag or Tirl ex- 
pression and IAA treatment were well tolerated, 
prolonged BRD4 degradation strongly suppressed 
cell proliferation (fig. S3, D and E) in line with its 
essential function (14). 

SLAM-seq after acute BRD4 degradation and 
60 min of 4sU labeling revealed a global down- 
regulation of transcription (Fig. 1C and fig. S3F), 
similar to effects of CDK9 inhibition. These ef- 
fects are not due to displacement of core tran- 
scriptional machinery because loss of BRD4 did 
not impair chromatin binding of factors involved 
in transcriptional initiation (TBP1 and MED1) 
or pause-release and elongation (CDK9, Cyclin 
Tl, and SPT5) (Fig. 1D). Whereas initiation- 
associated phosphorylation of Pol2 at serine 5 (S5) 
of its C-terminal repeat domain was unaffected, 
BRD4 degradation led to a marked reduction of 
elongation-associated serine 2 (S2)-phosphorylated 
Pol2, indicating a defect in promoter proximal 
pause release. Spike-in controlled chromatin im- 
munoprecipitation (ChIP)-sequencing upon BRD4: 
degradation showed an accumulation of total and 
S5-phosphorylated Pol2 levels at active transcrip- 
tion start sites (TSSs), whereas total, S5-, and 
$2-phophorylated Pol2 were reduced throughout 
gene bodies (Fig. 1, E and F, and fig. S4). These 
results are in line with a recent report showing 
a widespread reduction of transcription upon pan- 
BET protein degradation independent of CDK9 
recruitment (15) and convincingly show that BRD4: 
globally controls transcription by promoting the 
release of stalled Pol2. 

Although these findings are consistent with 
the promiscuous binding of BRD4: to active TSS 
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(16), they contrast with selective effects of BETis, 
which have been widely reported based on results 
of conventional expression analyses. To define 
immediate transcriptional responses to BETis, we 
performed SLAM-seq after treatment with dif- 
ferent doses of the BETi JQ1 (17) in K562 and 
human MV4-11 acute myeloid leukemia (AML) 
cells. In both cell types, high-dose JQ1 treatment 
(1 or 5 uM) broadly suppressed transcription 
(Fig. 2A and fig. S5A) and globally reduced Pol2- 
$2 phosphorylation (fig. S5B) similar to effects 
observed after BRD4 degradation, showing that 


A  AlD-tagged 


global transcriptional functions of BRD4 are BET 
bromodomain-dependent. Effects of high-dose 
BETis on Pol2-S2 phosphorylation were recapitu- 
lated after knockdown of BRD4 but not BRD2 or 
BRD3 (fig. $5, C and D), indicating that global 
effects of BETis are primarily mediated by BRD4: 
inhibition and cannot be compensated by other 
BET proteins. 

Because JQ1 doses above 1 uM vastly exceed 
growth-inhibitory concentrations in AML and 
other sensitive cell lines, we explored direct tran- 
scriptional responses to a more selective dose of 


200 nM, which triggers strong antileukemic ef- 
fects in a wide range of AML models (4). In K562 
cells, one of few BETi-insensitive leukemia cell 
lines, 200 nM JQ1 induced a selective deregula- 
tion of a small number of transcripts (Fig. 2B). 
Treatment of two highly sensitive AML cell lines 
with the same dose triggered transcriptional re- 
sponses that were comparable in scale (Fig. 2B 
and fig. S6, A and B) and affected a similar set of 
BETi-hypersensitive transcripts, including MYC 
and other genes known to be essential in mye- 
loid leukemia cells (Fig. 2C and fig. S6, C and D) 
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Fig. 1. Global transcriptional control by BRD4. (A) Sample workflow core regulators and controls in total cell lysate, chromatin fraction, and 
of a SLAM-seq experiment mapping direct transcriptional responses to supernatant of K562“'9844 Tir] cells treated with IAA for 60 min. (E) Spike-in 


degradation of AlD-tagged proteins. (B) Schematic of the AID-BRD4 knock-in 
allele and Tirl delivery vector SOP (pRRL-SFFV-Tirl-3xMYC-tag-T2A-Puro). 
Immunoblotting of BRD4 in K5624!>-®RO44 Tirl cells treated with 100 uM IAA for 
the indicated time points. (©) Changes in the abundance of total and newly 
synthesized mRNAs (detected in SLAM-seq based on T>C conversions) in 
K5624'9 8844 Tir] cells treated with IAA for 30 min followed by 4sU labeling 
over 60 min. FC, fold-change. (D) Immunoblotting of indicated transcriptional 
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controlled ChIP-seq of hypophosphorylated, S2-phosphorylated, and 
$5-phosphorylated Pol2 in K562*!>-®R°44 Tir] cells treated with IAA for 60 min. 
Heatmaps and density diagrams show change of signals across genes at 
transcription start sites (TSS, + 1 kb), gene bodies (scaled), and transcription 
end sites (TES, + 1 kb). A density scale from low (blue) to high (red) is 

shown. rpmm, reads per million mapped reads. (F) Changes of Pol2 occupancy 
upon BRD4 degradation shown in (E) for indicated genes. 
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(1/4). These findings are in line with the notion 
that sensitivity to BETis at the cellular level is de- 
termined by secondary adaptation rather than 
differences in the primary transcriptional response 
(8, 19). We also noted a small set of genes that 
were commonly up-regulated after BET inhibi- 
tion or BRD4 degradation (fig. S6E) through 
mechanisms that remain elusive. Collectively, our 
results reveal a profound dose-dependency of di- 
rect responses to BETis and show that therapeuti- 
cally active doses trigger antileukemic effects by 
deregulating a small set of hypersensitive genes. 

We next explored whether the BETi hyper- 
sensitivity of certain transcripts simply reflects a 
pronounced sensitivity to interference with gen- 


eral Pol2 pause-release machinery. To test this, 
we used SLAM-seq to compare transcriptional 
responses to BET inhibition (200 nM JQ1) to ef- 
fects triggered by different doses of the selective 
CDKg9 inhibitor NVP-2 (20). Whereas high-dose 
CDK9 inhibition (60 nM NVP-2) globally sup- 
pressed transcription, an intermediate dose (6 nM 
NVP-2) triggered selective transcriptional re- 
sponses that were distinct from the conserved 
response to BETis (Fig. 2, D and E, and fig. $7, A 
and B). Because CDK9 and BET inhibitors dis- 
play strong synergistic effects (fig. S7, C and D) 
(20), we sought to investigate transcriptional re- 
sponses underlying this phenomenon. In con- 
trast to selective effects seen after single-agent 


treatment, combining intermediate doses of JQ1 
and NVP-2 triggered a global loss of transcrip- 
tion similar to high-dose CDK9 inhibition (Fig. 2, 
D and £, and fig. S7A). These observations hold 
true in a genetically distinct AML cell line (fig. S7, 
E and PF), suggesting that the therapeutic synergy 
between BETis and CDK9i is largely based on syn- 
ergistic suppression of global transcription, rais- 
ing concerns about toxicities of this combination. 
These results also suggest that therapeutically 
active doses of CDK9 and BET inhibitors exploit 
different bottlenecks in Pol2 pause-release to 
trigger selective transcriptional responses. 

To investigate whether BETi hypersensitivity 
is determined by specific chromatin features at 
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Fig. 2. Dose dependency and determinants of responses to BETis. 

(A) SLAM-seq responses of K562 cells treated with indicated doses of JQ1 
for 30 min before 4sU labeling for 60 min. (B) SLAM-seq responses of 
K562 and MV4-11 cells treated with 200 nM JQ1 as in (A). (C) Pairwise 
comparison of SLAM-seq responses to JQ1 shown in (B). R, Pearson 
correlation coefficient. (D) Principal component analysis of SLAM-seq 
profiles from MOLM-13 cells treated with JQ1 or NVP-2 as in (A). 

(E) Heatmap and hierarchical clustering of Spearman's rank correlations 
between SLAM-seq responses to JQ1 and NVP-2 in indicated cell lines. 
(F) Venn diagram showing overlap between BETi-hypersensitive genes 
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and published superenhancer targets in K562 cells. (G) Sample tracks 

of H3K27ac ChIP-seq with superenhancer (SE) annotation exemplifying 
categories in (F). (H) Simplified model generation workflow for classifying 
BETi-hypersensitive genes based on 214 chromatin signatures. (1) ROC curve 
for classification of BETi-hypersensitive genes by means of superenhancer 
assignment or two independent chromatin signature-based models 
assessed on a held-out test set. (J) Relative contribution of the strongest 
positive and negative predictors to the GLM shown in (1) based on 
normalized model coefficients. Heatmap shows relative ChIP-seq densities 
of these factors at TSS of 125 BETi-hypersensitive genes. 
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target genes, we first tested whether BRD4: oc- 
cupancy levels at TSS or their accessibility to 
BETis could distinguish direct BETi targets [false 
discovery rate (FDR) < 0.1, log.-fold-change (FC) < 
-0.7] from an equally sized cohort of unrespon- 
sive genes with identical baseline expression 
(FDR < 0.1, -0.1 < logyFC < 0.1) (fig. S8A). Whereas 
chromatin occupancy of BRD4 did not predict 


BETi-hypersensitive target genes [area under 
the receiver operating characteristic (ROC) curve 
(AUC) 0.52] (fig. S8B), recently reported chro- 
matin binding levels of BETi measured with 
Click-seq could partly account for BETi responses 
(AUC 0.63) (fig. S8C), suggesting that differences 
in drug accessibility contribute to selective BETi 
effects. Another model attributes transcriptional 


and therapeutic effects of BETis to their ability to 
selectively suppress superenhancers (16). This 
notion has been challenged by a recent study that 
identified H3K27ac-based regulatory potential as 
a superior predictor of BETi targets (27). Because 
these studies relied on conventional RNA se- 
quencing (RNA-seq) after prolonged drug treat- 
ment, we reevaluated both models using SLAM-seq 
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Fig. 3. MYC is a selective transcriptional activator of genes involved 
in biosynthesis processes. (A) Schematic of the MYC-AID knock-in allele 
and Tirl delivery vector. (B) Immunoblotting of MYC in K562M’C*94Tirl cells 
treated with IAA. (C) SLAM-seq profile after MYC degradation in K562MYC*9 
+Tirl cells (30 min IAA treatment, 60 min 4sU labeling). Highlighted are 
ribosome biogenesis factors (light blue) and de novo purine synthesis enzymes 
(dark blue). (D) Violin plots depicting SLAM-seq responses of significantly 
enriched gene ontology classes (Fisher's exact test, FDR-corrected). 

(E) Measurement of global protein synthesis by means of L-homopropargyl- 
glycine (HPG) incorporation and flow cytometry in K562™"C*" cells treated 
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with IAA. (F) Targeted mass spectrometry quantification of indicated 
metabolites in K562’CA"+ Tir] cells after 48 hours of IAA treatment. Bars 
show means of results from three independent experiments. Error bars indicate 
1SD.n.s., not signficant. *P < 0.05 (Student's t test). (@) MYC-immunoblotting in 
HCT116M"C*+Tirl cells as in (B). (H) Comparison of SLAM-seq responses in 
K562MYCAID4 Tirl and HCTILEM’*"94 Tir cells. (I) Expression of MYC compared 
with a signature of the top 100 common MYC-dependent transcripts in (H) 
across 672 cancer cell lines. (J) MYC-target signature expression across 5583 
patient samples separated according to high (top 20%) or low (bottom 20%) 
MYC expression and cancer type. ****P < 0.0001 (Wilcoxon's rank-sum test). 
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profiles. Both the H3K27ac-based regulatory po- 
tential of genes as well as their association with 
superenhancers (22) predicted hypersensitivity 
to BETis with modest accuracy (AUC 0.66 and 
0.64, respectively) (fig. SSB). However, two-thirds 
of BETi-sensitive genes could not be assigned to 
superenhancers, and the vast majority of ex- 
pressed superenhancer-associated genes did not 
respond to BETi treatment (Fig. 2, F and G). These 
observations hold true in other leukemia cell 
lines (fig. S8D) and show that the sensitivity to 
BET inhibition is associated with, but not deter- 
mined by, the presence of superenhancers, sug- 
gesting that more complex factors underlie this 
phenomenon. 

To further explore determinants of BETi hy- 
persensitivity, we took advantage of extensive 
profiling data available for K562 cells (23, 24) 
and devised an unbiased approach for modeling 
combinatorial modes of gene regulation. Spe- 
cifically, we extracted signals of 214 ChIP- and 
methylome-sequencing experiments within 500 
and 2000 base pairs (bp) around the TSS of BETi- 
sensitive and -unresponsive genes and used this 
data to train various classification models that 
were later evaluated based on held-out test genes 
(Fig. 2H and fig. S8E). This approach yielded 
multiple classifiers that predicted BETi sensi- 
tivity with high fidelity (AUC > 0.8) (Fig. 2I and 
fig. SSF), among them a generalized linear model 
(GLM) derived through elastic net regression. 
Reanalyzing coefficients of this model revealed 
that several factors, including high levels of TSS- 
proximal REST and H3K27ac, are associated with 
BETi hypersensitivity, whereas high occupancy of 
SUPT5H (SPT5), itself a regulator of elongation 
(25, 26), was the strongest negative predictor 
(Fig. 2J and fig. S9A). Unsupervised clustering 
revealed that predictive TFs and cofactors are 
enriched only at distinct subclusters of BETi- 
sensitive or -unresponsive genes (Fig. 2J and fig. 
S9B), suggesting that the transcriptional response 
to BETis is determined by locus-specific regula- 
tors and cannot be predicted on the basis of a 
single unifying chromatin factor. 

Therapeutic effects of BETis are likely mediated 
through deregulation of multiple hypersensitive 
genes. Although repression of MYC has been 
identified as a common and relevant effector 
mechanism in leukemia (4), direct regulatory 
functions of MYC remain under debate. Previ- 
ous reports have described activating or repres- 
sive effects of MYC on specific target genes, 
whereas other studies suggest that MYC acts as 
a general transcriptional amplifier (27-31). To 
test these models, we sought to measure direct 
changes in mRNA output after acute loss of 
endogenous MYC. We therefore engineered an 
AID-tag into the endogenous MYC locus of K562 
cells (Fig. 3A and fig. S10), which in homozygous 
Tirl-expressing clones allowed for rapid degra- 
dation of MYC within less than 30 min (Fig. 3B). 
We then used SLAM-seq to quantify the output 
of newly synthesized mRNAs over 60 min after 
MYC degradation. In contrast to degradation of 
BRD4, acute loss of MYC resulted in highly spe- 
cific rather than global changes in mRNA pro- 
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duction (Fig. 3C). These were dominated by 
repressive effects on 712 genes, whereas only 15 
mRNAs were strongly up-regulated (fig. S11A). 
Hence, in K562 cells, MYC does not act as a 
direct repressor or general amplifier of tran- 
scription but predominantly functions as a tran- 
scriptional activator of specific target genes. 

Because MYC is known to occupy most active 
promoters (27), we next investigated how MYC 
exerts selective transcriptional activation despite 
ubiquitous binding. To this end, we trained clas- 
sification models to predict MYC-dependent tran- 
scripts (FDR < 0.1, logsFC < -1) based on different 
ChIP-seq signals at their promoter. Elastic net 
regression yielded a simple GLM that was highly 
predictive of MYC-dependent gene regulation 
(AUC 0.91) (fig. SIIB). The strongest contribu- 
tor in this model was the abundance of MYC 
itself (fig. S11C). Although the presence of MYC 
at promoters determined by conventional peak 
calling fails to identify MYC-sensitive transcripts, 
binding levels of MYC or its cofactor MAX pre- 
dict MYC-dependent gene regulation with inter- 
mediate accuracy (AUC 0.76 and 0.74, respectively) 
(fig. S11, D and E). These results suggest that 
genes directly activated by MYC are defined by 
strong binding of MYC and by further modu- 
lation through additional factors such as MNT, 
NKRF, TBL1XR1, EP300, and YY1. 

To investigate the cellular function of MYC- 
dependent gene regulation, we performed gene 
ontology analysis of direct MYC target genes in 
K562 cells. Acute MYC degradation predominant- 
ly led to down-regulation of genes associated with 
protein and nucleotide biosynthesis, including 
36% of all ribosome biogenesis factors, key reg- 
ulators in adenosine 5'-monophosphate (AMP) 
metabolism, and all six enzymes of the de novo 
purine synthesis pathway (Fig. 3, C and D, and 
table S2). MYC degradation progressively im- 
paired protein synthesis (Fig. 3E) and led to a 
strong reduction in cellular AMP and guanosine 
5'-monophosphate (GMP) levels as well as their 
upstream intermediate aminoimidazole car- 
boxamide ribonucleotide (AICAR) before the onset 
of cell proliferation defects (Fig. 3F and fig. S12, A 
and B). MYC’s role as a direct regulator of key 
enzymes in protein and nucleotide biosynthesis— 
as well as several subunits of RNA polymerases I, 
II, and III (fig. SI2C)—provide an explanation for 
the reported increase in total cellular RNA upon 
MYC overexpression and support the notion that 
these effects are secondary rather than due to 
global transcriptional effects (32). 

To test whether direct transcriptional func- 
tions of MYC are conserved in other cellular con- 
texts, we introduced homozygous AID-tags into 
the MYC locus of HCT116 human colon carci- 
noma cells. As with K562 cells, IAA treatment 
of TIR1-expressing HCT116™"**™ cells triggered 
complete degradation of MYC within less than 
30 min (Fig. 3G). SLAM-seq profiling revealed a 
selective transcriptional response (Fig. 3H and 
fig. S12D) that affected the same cellular pro- 
cesses (fig. S12E) and correlated with effects 
observed in K562 cells [Pearson correlation co- 
efficient (R) = 0.64] (Fig. 3H). To test whether 


the conservation of MYC targets extends to other 
cancer types, we derived a signature of the 100 
most strongly down-regulated genes in SLAM- 
seq (table $3) and compared its expression with 
MYC levels in a panel of 672 cancer cell lines (33). 
Expression of MYC and our MYC target signature 
correlated well (Fig. 31), except for a small frac- 
tion of outliers. All of these express high levels 
of MYCN or MYCL (fig. S13A), indicating that 
MYC paralogs have redundant functions in the 
regulation of core MYC targets. Our signature 
of direct MYC targets was also strongly cor- 
related with MYC levels in publicly available 
RNA-seq profiles from 5583 primary patient sam- 
ples across 11 major human cancers (Fig. 3J and 
fig. S13B) (34). Together, these findings suggest 
that MYC drives expression of a conserved set 
of transcriptional targets, which should be con- 
sidered as entry points for blocking its onco- 
genic functions. 

In summary, combining rapid chemical-genetic 
perturbation and SLAM-seq establishes a simple 
yet powerful strategy for probing specific and 
global direct functions of TFs and cofactors. Using 
this approach, we functionally characterize BRD4, 
a protein widely studied as a regulator of lineage- 
and disease-associated expression programs, as a 
general cofactor in transcriptional pause-release. 
We also found that MYC, which has previously 
been implicated as a global transcriptional am- 
plifier, activates a confined and conserved set of 
target genes to fuel basic anabolic processes, par- 
ticularly protein and nucleotide biosynthesis. 
More generally, by enabling the direct quantifi- 
cation of changes in mRNA output, SLAM-seq 
provides a simple, robust, and scalable method 
for defining direct transcriptional responses to 
any perturbation and thereby exploring the reg- 
ulatory wiring of a cell. 
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ble Implanted Neuromodulation Stimulator, is also an abbreviation of “Patient Is No.1 alwayS”. This clearly presents the 
goal of PINS Medical for “restoring hope”, not simply as an innovation company but also across society to citizens. 


Looking into the future with the continuous rise in incidence of neuropsychiatric disorders and increased social burden 
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tists, are now developing and promoting innovative therapies worldwide. 
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China Association of Science and Technology (CAST), published quarterly and distributed 
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metastasis of malignant cells. The IDO pathway is active in many 
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active in many antigen-presenting cells, resulting in peripheral 
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AMS Biotechnology 

For info: +44-(0)-1235-828-200 

www.amsbio.com/ido-pathway.aspx 


CRISPR/Cas9 Mouse Model Generation Services 

While it’s tempting to try to save costs by doing it yourself, 
generating a new mouse model using CRISPR comes with many 
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By letting the Jackson Laboratory (JAX) take the hassle out of 
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your model in the most efficient way possible. 

The Jackson Laboratory 
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Network Analyzer 

The DIRIS Q800 network analyzer boasts unparalleled quality 
compared to other analyzers on the European market, and is 

IEC 62586-2 Class A certified. The electrical energy that powers 
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ducts such as resveratrol, indoles and cannabinoids on 
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ects include studies on the role of CD44, estrogens 
and dioxins on immune response. Ph.D. in any bio- 
medical sciences is required with preference given to 
experience in Immunology. Send curriculum vitae and 
3 references to Dr. Mitzi Nagarkatti, Chair of De- 
partment of Pathology, Microbiology and Immunolo- 
gy, University of South Carolina School of Medicine, 
Columbia, SC 29208 or apply to website: http:// 
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sity of Maryland School of Medicine to model inher- 
ited lipid storage diseases using iPSC technology. The 
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nication skills, and be able to work independently. Ex- 
perience in hESC/iPSC technology and hematopoietic/ 
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The “T'alent-Attraction Storm” 


Sweeping China 


ust as the craze for artificial intelli- 
gence and blockchain technology is 
escalating in the global venture capital 
investment community, a “talent-at- 
traction storm” is sweeping across China. 

In March 2018, the municipal government 
of China’s capital, Beijing, known for its high 
housing prices and the difficulty faced by mi- 
grants in settling there, passed two acts: “Some 
Measures on the Optimization of Talent Servic- 
es, Promotion of Scientific and Technological 
Innovation, and the Advancement of High- 
Tech Industries” and “The Management of the 
Talent-Attraction Campaign in Beijing (Pilot).” 
The former act aims to increase China’s ac- 
quisition of global talent through adopting 
more aggressive policies for talent attraction, 
financial incentives (housing, medical care, and 
education for children), and talent assessment 
as well as the protection of intellectual property 
and the reinforcement of knowledge transfer. 
It also includes a “green card” scheme for 
high-level talents, which stipulates that experts 
chosen from the Thousand Talents Plan and 
winners of major scientific and technological 
awards can be given immediate residency; out- 
standing overseas talents can apply for positions 
as chief scientists of Beijing’s major R&D insti- 
tutes; permanent Chinese residence permits can 
be issued in 50 working days; and household 
registration permits for spouses and children of 


high-level talents can be issued quickly. 

Soon after Beijing announced these new 
policies, Shanghai, with a GDP of over RMB 3 
trillion (USD 478.1 million) in 2017 (the highest 
in China), decided to follow suit. On March 26, 
Shanghai held a “Talents Work Conference,” 
which was presented on such a large scale that 
Li Qiang, the Communist Party Secretary of 
Shanghai, openly advocated this effort to attract 
expertise. During the convention, he emphasized 
that: “we can never pay too much attention to the 
role played by talent in Shanghai’s development.” 
He demanded that the city “move faster to build 
a competitive talent system, and work harder to 
construct a world-class development environ- 
ment so as to create a ‘Peak Talents’ project.” An 
act passed by the Shanghai government at the 
same time, “Action on the Peak Talents Project,” 
not only makes clear the city’ s emphasis on at- 
tracting talent in areas including cosmology and 
astronomy, photonics science and technology, 
life Sciences and biomedicine, and neuroscience 
and artificial intelligence, but also proposes 
providing “custom policy” for every talent who 
is recruited, implementing an accepted system 
for regulating talent acquisition, and setting up 
standardized norms that would give full author- 
ity to top talent to recruit staff, allocate funds, 
and target the direction of scientific research-a 
sure sign of Shanghai’s determination to succeed 
in this endeavor. 
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Shanghai has boasted the highest attraction index for 
talent in China for several years. The excess of talent avail- 
able to the city has allowed it to become inactive in the 
work of attracting new talent. So what has made the city 
adopt these urgent stimulus measures? The answer, be- 
yond doubt, is fierce competition. Over the past few years, 
the most important element of China’s urban development 
has been to bring in new enterprises, which were expect- 
ed to increase overall employment and the growth rate of 
GDP and tax revenue. However, in today’s situation, talent 
attraction has become more prominent, and talent is now 
seen as the most essential factor in the development of 
cites and commerce. 

There are clear signs that China’s traditional first-tier 
cities (Beijing, Shanghai, Guangzhou, and Shenzhen) are 
facing strong challenges from the so-called “new first-tier 
cities” (Chengdu, Wuhan, Nanjing, Xi’an, etc.) in terms 
of drawing talent. In 2017, those cities launched several 
programs to attract talent both at home and abroad, which 
is definitely a sign of “brain drain” for traditional first-tier 
cities that are now troubled by the problems mentioned 
above, such as the high cost of housing and challenging 
conditions for incoming migrants. 

According to the spring 2018 “Research Report on the 
Job-Hopping Index of White-Collar Workers” issued by a 
domestic website focused on human resources, Chengdu, 
Hangzhou and Wuhan (among other new first-tier cities) 
for the first time surpassed the traditional first-tier cities 
in bringing in talent, which is exemplified by the fact that 
more and more white collar workers are job hopping to 
new first-tier cities. 

The intense scramble to acquire talent has even spread 
to second- and third-tier cities, and even institutions at the 
district and county level have entered this fierce competi- 
tion. The Xiaoshan District of Hangzhou, for example, has 
issued an announcement that winners of key awards such 
as the Nobel Prize and the Turing Award, and world-class 
scientists (including academicians from the United States 
and the United Kingdom, and academicians of the Chinese 
Academy of Sciences and Chinese Academy of Engineer- 
ing) can receive a grant of up to RMB 100 million (USD 
15.9 million), among other benefits. 

China’s intensified effort to attract talent is clearly good 
news for its colleges and universities, which are the major 
participants in the country’s plan to build world-class uni- 
versities and first-class disciplines. 

Universities in China are offering competitive salaries, 
often commensurate with what could be expected in the 
UK or the US. 

Treatment like this for high-level talent is commonly 
seen in China-not counting accommodation subsidies, 
research startup funds, and children’s educational arrange- 
ments. That makes sense, because as the fundamental 
source for urban talent, colleges and universities are also 
the most important reservoir of top talent for the country. 
Propelled by the “Double-First Class” plan, colleges and 
universities have become more and more eager to acquire 
top experts. That fact, combined with the talent-attraction 


policies of major cities and corresponding projects imple- 
mented by local governments, has brought a “halo effect” 
to the attraction campaign. 

However, apart from the necessary requirements of a 
doctoral degree, colleges and universities are more con- 
cerned with whether talent meets or almost meets the 
standards of the Thousand Talents Plan and the Thousand 
Youth Talents Plan. 

The Thousand Talents Plan, also known as the “Re- 
cruitment Program of Global Experts”, is closely tied to 
China’s national development strategy and aims at at- 
tracting thousands of experts to national key innovation 
projects, disciplines and laboratories, as well as central 
enterprises, state-owned financial institutions, and various 
high-tech industrial parks, for the purpose of making ma- 
jor breakthroughs in key technologies, developing high- 
tech industries, and advancing emerging disciplines. The 
“Recruitment Program for Young Professionals,” a divi- 
sion of the Thousand Talents Plan, mainly targets those un- 
der 40 years of age who hold a Ph.D. in the field of natural 
science or engineering technology granted by prestigious 
overseas universities; work experience of more than three 
years with overseas teaching and research institutions is 
required. It should be noted that, if accepted, current em- 
ployees of overseas universities, scientific institutions and 
enterprise development laboratories should return to China 
to work on a full-time basis. The “Recruitment Program 
for Foreign Experts,” another part of the Thousand Talents 
Plan is a long-term program focusing on non-Chinese 
foreign experts who can work more than nine months per 
year in China for three consecutive years. 

According to statistics, since the implementation of the 
Thousand Talents Plan in 2008, talent-attraction programs 
in all regions and departments have brought in more than 
50,000 top experts from overseas, the highest number 
recorded since the founding of the People’s Republic of 
China. 

From China’s central government to down to the mu- 
nicipal level, from colleges and universities to scientific 
research institutions, everyone has reached a consensus: 
Talent is China’s most important resource. With the rapid 
development of the Chinese economy and the consistent 
promotion of human-resource development there, talent-at- 
traction programs are now in a much more prominent po- 
sition. To quote a recent headline in one of China’s main- 
stream newspapers: “Talents, Coming for the Best Times!” 

Certainly, since talent acquisition policies in China are 
changing quickly, a huge information gap between em- 
ployers and overseas talent cannot be avoided. Neverthe- 
less, AcaBridge, China’s most professional platform pro- 
moting employment and entrepreneurship for high-level 
talent both at home and abroad, would love to bridge this 
gap. Those interested in working in China can contact us 
at consultant@acabridge.edu.cn. We provide a “one-stop” 
service, so you can learn about open positions in China, 
contact employers there, and communicate with people 
who can help you get here. For more information, please 
visit www.edu.cn/jjrcxm. 
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Faculty Recruitment of Overseas Talents 
Beijing Institute of Technology 


eijing Institute of Technology (BIT) 
announces recruitment for talented 
applicants for full-time tenured faculty 
positions in the broad areas of sciences 
and engineering, including but not 
limited to: aerospace engineering, mechanical 
engineering, optoelectronics, electronics and 
informatics, automation, computer science and 
technology, material science and engineering, 
chemistry and chemical engineering, life sci- 
ence and bio-engineering, mathematics and 
statistics, physics, management and economics. 
Successful candidates are expected to establish 
research labs in the corresponding academic 
schools and to interact with diverse faculty 
across disciplines. This hiring initiative is a part 
of the National “Thousand Talents Program”, 
“Outstanding Young Faculty Program”, and 
BIT’s tenure tracked faculty program. These 
programs intend to attract international candi- 
dates addressing important research issues and 
contributing to the signature research areas of 
the university. 
BIT, founded in 1940, has always been a lead- 
ing institution of science and technology in 
China. In 2016-2017, BIT was ranked among 
the Top 400 in QS World Universities Ranking, 
as well as the 15th among the Chinese univer- 
sities in the above rankings. The fundamental 
research on engineering, material science, 
chemistry, physics, computer, mathematics and 
social science in BIT is among the top 1% in 
ESI ranking. 


I.Requirements for 

Positions of National 

“Thousand Talents Program” 
1.Positions Supported by the National “Young 
Thousand Talents Program” 

(1)The applicants are required to hold a Ph. D. 
and have at least three years overseas research 
experience in world-class universities, research 
institutes, or top-ranking overseas companies. 
Applicants with overseas experience and who 
are now working in China for less than one 
year will also be considered. 

(2)Exceptional candidates under the age of 40 
who have made outstanding research discover- 
ies will be considered as individual cases. 


2.Other Positions Supported by the Nation- 
al“Thousand Talents Program” 

The candidates are required to hold a professor 
position or equivalent position at world-class uni- 
versities or research institutions. And for the Inno- 
vative Talents Project , Applicants must be under 
the age of 55, for the Overseas Experts Project, 
applications must be under the age of 65. 


II.Requirements for Positions 
at Tenure-tracked Program 


1.The applicants are required to hold a Ph. 
D. and have more than 2 years-experience at 
world-class universities or research institutions, 
under the age of 35 for associate professor and 
32 for assistant professor. 

2.The applicants are required to have expertise 
about the latest development in the research 
area with highly recognized research achieve- 
ments, show potential for being future academ- 
ic leaders to develop new research directions, 
and be supported by high-level papers as the 
first author or corresponding author. 


III.Payment and Benefits 

1. Recipients of the National “Young Thou- 
sand Talents Program” will receive: 
(1)Professorship and Ph.D. supervisor, with 
special enrollment quotas for graduate students 
(2)A subsidy of 2-6 million RMB for research 
funding and laboratory space provided by BIT. 
(3)Annual salary is 420,000 RMB (insurance and 
accumulation fund paid by BIT not included). 
(4)Opportunity of buying a new flat of one sit- 
ting room and two bedrooms with a discount of 
1 million RMB compared to the market price or 
a subsidy of 2 million RMB. Assistance of hous- 
ing during the transition period will be provided. 
(5)Assistance in the placement of children and 
spouse for educational and job opportunities. 
(6)International travel expenses will be covered 
for the interview, with recommendations to oth- 
er positions if not recruited. 


2. Other projects in National “Thousand Tal- 
ents Program” 

BIT supports various projects on the basis of 
payment from the government, appoints entrants 
as professors and Ph. D. supervisors, provides 
adequate research start-up funds, competitive 


} 


salary and other material benefits, helps to 
arrange assistants, office and laboratories, and 
supports the entrant to establish research teams. 
3. Tenure-tracked Program 

Recipients of the Associate Professorship will 
receive: 

(1) Professorship and Ph. D. supervisor, with 
special enrollment quotas for graduate students. 
(2) Annual salary is 360,000 RMB (Insurance and 
accumulation fund paid by BIT not included). 

(3) Research start-up funds of 600,000 RMB. 
(4) Assistance in the placement of children’s 
educational opportunities. 


Recipients of the Assistant Professorship will 
receive: 

(1) Associate-professorship and supervisor of 
master’s degree students, with special enroll- 
ment quotas for graduate students, and will 
qualify to apply for Ph. D. supervisor. 

(2) Annual salary is 300,000 RMB (Insurance and 
accumulation fund paid by BIT not included). 

(3) Research start-up funds of 400,000 RMB. 
(4) Assistance in the placement of children’s 
educational opportunities. 


IV.Application Instructions 
Applicants for the National “Thousand Tal- 
ents Program” should send their CVs and the 
complete representative published works to the 
BIT HR Office. Applicants for the Outstanding 
Young Faculty Program should send their CVs 
and 5 representative published works, quota- 
tions and comments by others, and future work- 
ing plans to the BIT HR Office. Please state the 
position being applied for in the subject line of 
the email. 


For any issues related to the “Thousand 
Talents Program” and the “Outstanding 
Young Faculty Program”, please contact: 
Mrs. Xia Yingiu or Mr. Fan Shicheng 
Tel.: +86-10-68914243 

+86-10-68914546 
Email: bitrcb@bit.edu.cn 
For more information about the 
“Thousand Talents Program” and the 
“Outstanding Young Teachers Program’, 
please visit: http://zhaopin.bit.edu.cn/ 


Call for Global Talents 
Recruitment Information of Nankai University 
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About Nankai University 

Located in the city of Tianjin, 30 minutes away from Beijing by high- 
speed rail, Nankai University is a multidisciplinary Project 985 & 211 uni- 
versity and “Double First Class University” under the direct jurisdiction of 
the Ministry of Education. It features a balance between the Humanities 
and the Sciences, a solid foundation and a combination of application and 
creativity. Besides its main campus in Balitai, Nankai University also has 
a campus in Jinnan District and TEDA College in Tianjin Economic-Tech- 
nological Development Area. With the support of the Ministry of Educa- 
tion and Tianjin municipal government, the new campus in Jinnan District 
was officially put to use in 2015, with a scale of 1.5 million square meters 
to accommodate 37,000 students. 

Recently, Tianjin municipal government released a series of policies to 
attract and cultivate scholars. High-level scholars who come to work 
full-time in Tianjin will receive an award of up to 2,000,000 RMB and 
a research fund of up to 10,000,000 RMB. Tianjin will also provide 
awards and scientific research fund, a better platform for international 
exchange programs as well as support of the education of the scholar’s 
children. 


Nankai University is providing the following honorable 
positions for global talents: 

1. Hundred High-level Talents Support Program of Nankai University 
This program targets academicians, professors and associate professors 
of “National Thousand Talents Program”, distinguished professors of 
“Chang Jiang Scholars Program” and other high-level talents programs. 
The applicants should be well-established and highly innovative sci- 
entists with outstanding academic records and leadership. Successful 
applicants will be offered an annual salary of 650,000-1,200,000 RMB 
(pre-tax), research fund of 500,000-12,000,000 RMB for natural scienc- 
es and engineering or 500,000 RMB for humanities and social sciences 
and housing subsidy and settling-in allowance of 600,000-3,000,000 
RMB. The colleges will provide corresponding support such as allow- 
ance, scientific research fund as well as laboratory and office. 


2. Hundred Young Academic Leaders Program of Nankai University 
This program targets “National Thousand Young Talents Program”, 
young academics of “Chang Jiang Scholars Program”, and other excel- 
lent young scholars in humanities, social sciences and natural sciences. 
Successful applicants will be offered an annual salary of 400,000- 
700,000 RMB (pre-tax), research fund of 500,000 -1,000,000RMB for 
natural sciences and engineering or 200,000-500,000 RMB for human- 
ities and social sciences and housing subsidy and settling-in allowance 
of 200,000-1,400,000 RMB. The colleges will provide corresponding 
support such as allowance, scientific research fund as well as laboratory 
and office. 

3. Other Positions (Professor / Associate Professor / Lecturer / Post- 
doctoral Researcher / Visiting Professor) 

Please visit http://www.nankai.edu.cn/2018/0309/c157a91627/page.htm 
The applicants should send their curriculum vitae to: Mr. Wang or Ms. 


Yang, Office of Human Resources, Nankai University, 38 Tongyan Road, 
Haihe Educational Park, Jinnan District, Tianjin, China, 300350; 

Tel: 0086-22-8535-8595, 0086-22-8535-8586; 

Website: http://rsc.nankai.edu.cn; 

Email: nkuniversity@nankai.edu.cn. 


4. 2018 International Talent Forum in Nankai University 

Nankai will organize the third International Talent Forum in 2018, 
which aims to recruit more staff of international background. The forum 
involves a variety of activities including speeches, seminars, sightseeing 
tours and so on. Nankai will invite international renowned scholars, 
alumni, and potential young scholars to join the forum for exchange and 
cooperation. Nankai will provide necessary transportation fare and ac- 
commodation. Information of the forums is as follows: 


Haiyong Wang 


Be Ealenment envwanghy@nankai.edu.cn 
Micro-nano optics, 
nee ultrafast optics, fiber Weiwei Liu 
optics, THz optics, liuweiwei@nankai.edu.cn 
etc. 
Tune 13-17 Entrepreneurship, Yinan Jiang & Jun Yang 
uly 10 innovation, strategy, jiangyinan@nankai.edu.cn, 
pa etc. nkyangjun@163.com 
Tourism-related Shan Wang & Shuling Liang 
Suez research areas nkutourism@126.com 
ul Microbiolo bel diee 
oak By tedacollege@nankai.edu.cn 
: Nan Xie 
ys EO Isxyrs@nankai.edu.cn 
ae Mao gonzhane | OIE 
Oct. 12-14 : : xdzhang@nankai.edu.cn 
materials to applica- ie ereles con 
tions sy : 
Pharmacy, biology, 
Nov. 7-9 chemistry and other Yongwei Hao 
: interdisciplinary haoyongwei@nankai.edu.cn 
topics 
Dec. 15 Economics Beall 


ecojobs@nankai.edu.cn 


If you would like to join the sub-forum(s), please feel free to contact us. 
Nankai University is also recruiting staff from abroad in more than ten 
events around the world. 
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OPPORTUNITIES IN CHINA 
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SICHUAN UNIVERSITY 


Sichuan University warmly welcomes all 


Discover 


young talents home and abroad to apply 

Young 1000 Talents Plan’ with us. 
Your FUTURE Mf, & 

We are looking forward to you joining us 


to build your career in the famous histor- 


at Sichuan University ical and cultural city, Chengdu. 


SICHUAN UNIVERSITY 


at http://www.scu.edu 


Harbin Institute of Technology, 
Shenzhen (HITSZ) Recruiting Members:or ;. 
Candidates of Thousand Young Talents Pro 


ounded in 1920, Harbin Institute of Technology (HIT), which is under the Ministry of Industry and Information Technology, is a national 
key university that provides multidisciplinary studies in science and technology. It offers specializations in science, engineering, manage- 


ment, arts, economics, law, and many other fields. It is a member of the C9 League and is one of the first universities to be part of Project 
985 and one in list of “Double First-Class” University project. In the engineering field, HIT ranked No.2 in China and No.6 in the world 


according to US NEWS 2018. 


Together with the Shenzhen Municipal Government, HIT created Harbin Institute of Technology, Shenzhen (HITSZ), which was established in 2002 
as HIT Shenzhen Graduate School and currently serves as a key campus of HIT. HITSZ provides full-time undergraduate and postgraduate education. 
Till 2020, HIT will realize the aim of constructing an excellent university with one hundred years history also with a feature of ‘Chinese Characteris- 
tics, World-class, HIT Qualification’. At the same time, HITSZ will carry on the new responsibility of constructing a unique campus which matches 
the world-class level. 

With a brand-new look, HITSZ will follow the HIT tradition, keep on the philosophy of high starting point, high standard to attract more international 


excellent talents and carry forward the Shenzhen spirit to serve as a contributor to national and regional economic and social development. 


Fields Open for Recruitment: 


(1) Aeronautical and Astronautical Science and Technology 


(2) Computer Science and Technology 
(3) Electronic Science and Technology 


(4) Information and Communication Engineering 


(5) Materials Science and Engineering 

(6) Environmental Science and Engineering 
(7) Management Science and Engineering 
(8) Control Science and Engineering 

(9) Civil Engineering 

(10) Mechanical Engineering 

(11) Biomedical Engineering 


(12) Power Engineering and Engineering Thermophysics 


(13) Mechanics 

(14) Mathematics 

(15) Chemistry 

(16) Physics 

(17) Biology 

(18) Architecture 

(19) Design 

(20) Business Administration 
(21) Marine Science 

(22) Practical Economics 

(23) Urban and Rural Planning 
(24) Sociology 

(25) Space Science and Technology 


Contact Information: 

Human Resources Department of HITSZ 
Contact person: YANG Zhixi 

Tel: 0755-26033365 

E-mail: hrsz@hit.edu.cn 


Basic Requirements: 

(1) Applicants whose research fields are in natural science and engineering technology 
should be under 40 years old; 

(2) Applicants should have acquired a doctoral degree, and have over three years’ over- 
seas research and working experience (not including working experience abroad with 
employment relations remained in China); 

(3)Applicants should have a permanent teaching or research position in overseas uni- 
versities, research institutions and enterprises of high prestige; 

(4) Generally, applicants should not have a full-time position in China at the time of 
application. However, if applicants are already holding a position in China, it should be 
less than one year that they returned from abroad; 

(5) Applicants should work full-time in China once employed. 


Salary and Benefits: 

For members of “Thousand Young Talents Program” (Currency in RMB): 

(1) Salary: approximately 700,000 per year (pre-tax) with a title of professor. 

(2) Funds for research: up to 4,500,000-8,500,000, including 1,000,000-3,000,000 (Na- 
tion), 500,000 (Guangdong Province) and 3,000,000-5,000,000(Shenzhen). 

(3) Living allowance: up to 2,750,000, including a central finance subsidy of 500,000, 
the Guangdong provincial finance will also grant 250,000 and Shenzhen will grant 
2,000,000. 

(4) The university will provide the recruited with assistance in their children’s entry 
into kindergarten, primary school and middle school in Shenzhen. 


Additionally, if members are successfully hired, within the limited budget, our universi- 
ty will afford flight ticket and 3 nights of designated hotel when they come to register. 
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SUN YAT-SEN UNIVERSITY 


Recruitment of School of Physics 
in Sun Yat-sen University 


un Yat-sen University (SYSU), 
ocated in Guangzhou in 
Southern China, is one of 
he mostly acclaimed top 10 
Universities in Mainland China. It was 
ranked at the 8th position by the U.S. 


located in the south campus of SYSU 
in Guangzhou besides the beautiful 
Pearl River. Enjoying the long history 
of the SYSU physics program since 
its establishment, the school has 
strong teams in theoretical physics, 
condensed matter physics, optics, 
and high energy physics. We have 
also recently set up research groups 
working in soft condensed matter 
and biophysics, energy physics, and 
a few other cross discipline fields. 
Thanks to the fast development of 
SYSU and the school with the strong 
supports in higher education from the 
central government, we are actively 
recruiting high level talents in all the 
disciplines all over the world. We 
have open positions in the following 
disciplines for talents at different 


stages of their careers. Our school 
will provide internationally competi- 
tive startups, salaries and relocation 
fees. We welcome all applicants who 
want to further their careers at SYSU! 


Neutron science and technology 
Ultrafast Intense Laser Technology 


Il Recruiting positions and treatments 
1. National Thousand Talents Program 
and Thousand Young Talents Program 
(1) Applicants should apply for and 
obtain the titles from National Thou- 
sand Talents Program or Thousand 
Young Talents Program by the sup- 
port of our university or other institu- 
tions. 

(2) Applicants obtained the titles 
from National Thousand Talents Pro- 
gram or Thousand Young Talents Pro- 
gram can be employed as professors 
or associate professors. 

2. “Top 100 Talents” Program of Sun 
Yat-sen University 

(1)Leading talents 


Applicants under 50 years old hold- 
ing professors, associated profes- 
sors, or equivalent positions in high 
level universities with notable scien- 
tific achievements. 

(2)Outstanding young and mid- 


(3)Young academic talents 
Applicants under 35 years old with 
significant academic achievements, 
good development potential, and in- 
novative capabilities. 

Positions are given according to the 
competence of the applicants and 
demands of the disciplines. Research 
startup funding, competitive salaries, 
housing subsidies, transitional hous- 
ing, and children’s school admission 
are provided. 


3. Research fellows and postdoctoral 


fellows 
(1)Research fellows 


Applicants should be postdoctoral 


researchers, outstanding Ph.Ds from 
top level universities, lecturers, or 
holding equivalent positions under 
38 years old. 


(2) Postdoctoral fellows 

Applicants under 35 years old ob- 
ained their doctorates within the 
past three years. 

Research fellows and postdoctoral 
ellows with prominent achievements 


held from Jun 8-11, 2018. Please 
click the follow link to get more in- 
ormation: http://survey.sysu.edu.cn/ 
cn/registration/iysf2018cn 
Applicants may contact us via email 
or telephone, and provide personal 
academic resumes, research plans, 
and three recommendation letters. 
Contact address: No. 135, West Xin- 
gang Road, Haizhu District, Guang- 
zhou, 510275 
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Contact: 

Shuang Liang (Secretary) 

Email: lshuang5@mail.sysu.edu.cn 
Tel: +86- 20-84113293 

Yue Zheng (Dean) 

Email: znengy35@mail.sysu.edu.cn 
Website: http://spe.sysu.edu.cn/node/2254 
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Thousands of reasons 
to stay abroad, 


Outstanding young scholars are welcomed to apply for “The Recruitment 
Program for Young Professionals” of Beijing Jiaotong University(BJTU). In 
addition, BJTU will hold the First International Young Scholars “Learn and 
Practice” Forum in Beijing from July 15 to July 17, 2018 and extend its sin- 
cere invitation to excellent young scholars from both home and abroad. 
For more details please click on the link below. 


http://www. bjtu.edu.cn/tzgg/152118.htm 


| . Disciplines 


BJTU's Invitation of 


Traffic and Transportation Engineer- 
ing, Information and Communica- 
tion Engineering, System Science, 
Computer Science and Technology, 
Business Administration, Applied 
Economics, Civil Engineering, Me- 
chanical Engineering, Electrical En- 
gineering, etc. 


but one decision to 
return to the roots. 


Outstanding Applicants 


for “The Recruitment 
Program for Young 
Professionals” 


I Overseas Scholar’s 
Visit to Top Chinese Universities 


—— Chinese Universities Forums 
For more information, please check www.edu.cn/zqx 


Ill. Contact Us 

Mr. Zhang: +86+10-51685138 
Il. Supporting Conditions Mrs. Yun: +86+10-51683432 
“The Recruitment Program for E-mail: rczp@bjtu.edu.cn 
Young Professionals” is included in Home Page: http:/Awww.bjtu.edu.cn/ 
the“Outstanding Hundred Talents Address: Talent Program Office, 
Plan” of Beijing Jiaotong University Personnel Department, Bei- 
and its awardees will be supported jing Jiaotong University, No.3 
accordingly. Competitive salary and Shangyuancun, Haidian District, 
superior working and living condi- Beijing, P.R.China 

tions will be offered. Zip Code: 100044 


> 10,000+ academic job vacancies in China 
> Free one-to-one consultation service 


Send your CV to 
consultant@acabridge.edu.cn 


SouthernUniversityofScienceandTechnology(SUSTech) 


x 


1000 Talents Global Recruitment Program 
Southern University of Science and Technology 


Southern University of 
Science and Technology 
(SUSTech) in Shenzhen, 
China is seeking outstanding 
candidates for the “1000 
Talents Global Recruitment 
Program” sponsored by 

the Central Government 

of China. Applications are 
invited for all major science 


and engineering disciplines. 
Successful applicants will be 
appointed to the faculty of 
SUSTech at a level commen- 
surate with each applicant’s 
background and experience, 
from tenure-track assistant 
professor to tenured chair 
professor. 
SUSTech offers a gener- 


NATURE INDEX SCORES 
FOR 2014 TO 2016 


MAC m WFC 


2014 m 12.52 


es 15.5 


2015" 


we™ = 23.82 


#6 


31 


36 


68 


WORLD’ S FASTEST RISING INSTITUTION 
(As measured by the increase in WFC, 2012-2015.) 


ous salary and startup pack- 
age for “1000 Talents Global 
Recruitment Program’ recipi- 
ents, including: a) world-wide 
competitive starting salary; 
b) a living subsidy of 2.75 
million RMB for “1000 Young 
Talents” and 4.5 million RMB 
for “1000 Talents” or “For- 
eign 1000 Talents” over 3-5 
years; c) a start-up fund of up 
to 12 million RMB; d) PI sys- 
tem and tenure-track system; 
e) housing allowance up to 
8000 RMB per month; and f) 
social insurance and welfare. 
Applicants should have 
a Ph.D. degree in a relevant 
science or engineering 
field. Applicants for “1000 
Talents Global Recruitment 
Program” should be a profes- 
sor or a senior researcher. 
Applicants for “1000 Young 
Talents Global Recruitment 
Program” should have three 


years or more of oversea 
post-doctoral research or 
work experience. Appli- 
cants must have a proven 
rack record of high-quality 
peer-reviewed academic 
publications. They must also 
have excellent communica- 
ion skills and the capacity to 
each in English. 

f interested, please apply 
hrough the website at http:// 
alent.sustc.edu.cn/en/enin- 
dex.aspx. 


Contact person: 

Ms. Jing Long, Mr. Lan Ge 

Phone: +86-755-88010968 
+86-755-88010945 

Email: talents@sustc.edu.cn 

http://www.sustc.edu.cn 


online @sciencecareers.org 
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“Jinan Double Hundred Talents Plan” 
Recruiting Members (Candidates) 
Of the “Thousand Young Talents Program” 


a 


IT 


inan University (JNU) is one of China’s “One Hundred Key Universities of 21st Century”(the “211 Project”) . As the first university estab- 
lished by the State for overseas Chinese students, JNU currently has the largest number of overseas and foreign students and is honored as 
the “top university for overseas Chinese”. Abiding by the motto of “loyalty, sincerity, integrity and respect”, the university is committed to 
cultivating talents with the excellent traditional Chinese moralities and culture. JNU was selected to the “High-level University Construc- 
tion Program” by Guangdong provincial government In Jun 2015 and was selected to participate in the National “Double-First Class” initi- 
ative of first-class disciplines construction by Ministry of Education of PRC in Sep 2017. So far, disciplines of JNU including engineering science, 
chemistry, clinical medicine, pharmacology & toxicology, materials science, biology & biochemistry, agriculture science, environmental science / 


ecology have ranked the top 1% of ESI. 


Disciplines Open for Recruitment 
Pharmaceutical science, science of Chinese 
pharmacology, biology, biomedical engineer- 
ing, basic medicine, clinical medicine, Chinese 
medicine, integrative medicine, stomatology, 
public health and preventive medicine, nursing, 
ecology, environmental science and engineer- 
ing, chemistry, physics, food science and engi- 
neering, materials science and engineering, me- 
chanics, civil engineering, architecture, optical 
Engineering, computer science and technology, 
information and communication engineering, 
electronic science and technology, cyberspace 
security, software engineering, mathematics, 
electrical Engineering, journalism, philosophy, 
Chinese language and literature, China history, 
world history, foreign language and literature, 
theoretical economics, applied economics, 
business management, management science 
and engineering, public administration, psy- 
chology, law, International relations , Marxist 
theory, art, physical science and so on. 


Basic Requirements 

1. Members of the “Thousand Young Talents 
Program”. 

2. Candidates of the “Thousand Young Tal- 
ents Program” (candidates of the discipline of 
finance not included). Applicants should meet 
the following requirements: 

(1) Applicants whose research fields are in 
natural science and engineering technology 
should be under 40 years old (up to June.! of 
the year of application, the same below); 

(2) Applicants should have acquired a doctor- 
al degree, and have over 36 months’ running 
overseas research and working experience (not 
including working experience abroad with 
employment relations remained in China). 

(3) Generally, applicants should not have a 
full-time position in China at the time of ap- 
plication. However, if applicants are already 
holding a position in China, it should be less 
than one year that they returned from abroad. 
(4) Once employed, applicants should work 
full time at least 3 years in China. 


Package of Salary & Benefits 

JNU will provide recruited members and can- 
didates of “Thousand Young Talents Program” 
with a competitive package of salary and ben- 


efits based on the job position. 


1.For members of “Thousand Young Talents 


Program”: 


(1) Salary: no less than ¥ 500,000 per year (pre-tax). 
(2) Supporting funds for research: Y 1,000,000- 
3,000,000. Encourage the application of the 
Guangdong Innovation Team for the introduc- 


tion of planned projects (5-7 team 
members, 20 million research 
funds). 

(3) Housing/settling allowance: 
no less than ¥2,000,000(pre-tax). 
Another set of lake view elevator 
turnover room on campus for rent. 
(4) Recruited members will be 
directly employed as a senior 
professional. 

(5) Recruited members will 
have the priority to recruit PhD 
students, post-doctors and re- 
search assistants. 

(6) The university will provide 
applicants assistance in their 
children’s entry into kindergar- 
ten, primary school and middle 
school in Guangzhou. 

(7) Members will enjoy the one- 
stop service for high-level talents. 


(8) The university will provide a job for the 


spouse of members. 


Materials to be Submitted 
for Application: 

(1) One copy of CV; 

(2) The full text of two represent- 
ative papers; 

Please send them to the contact of 
each institute. 


“eae 
metty 


Scan the QR code above 
for contact information 


of this program. 


(9) Each new recruit is entitled to a central 


finance subsidy of ¥500,000and a research 
fund ranging from ¥ 1,000,000 to ¥3,000,000, 
which, once ratified, will be allocated according 
to schedule. The Guangdong provincial finance 
will also grant the recruit a living allowance of 
¥ 250,000 and a supportive fund of ¥500, 000. 

2.Candidates having successfully passed the uni- 
versity review process can sign an employment 
contract of intent, and apply for the “Thousand 
Young Talents Program” membership in the 


Post Code: 510632 


name of Jinan University. Candidates who have 


entered into the defense session are entitled to 
the following salary and benefits: 


(Salary: no less than ¥400,000 per year (pre-tax). 
(2)Supporting funds for research: no less than 
¥ 1,000,000. Encourage the application of the 
Guangdong Innovation Team for the introduc- 
tion of planned projects (5-7 team members, 
20 million research funds). 

(3) Housing/settling allowance: no less than 
¥ 1,000,000 (pre-tax). Another set of lake 
view elevator turnover room on campus for 


rent if well-off. 
(4)Recruited members 
will have the priority 
to recruit PhD students 
and research assistants. 
(5)The university will 
provide applicants assis- 
tance in their children’s 
entry into kindergar- 
ten, primary school 
and middle school in 
Guangzhou. 
(6)Recruited members 
will enjoy the one-stop 
service for high-level 
talents. 

(7)If recruited mem- 
bers are enrolled into 
the “Thousand Talents 
Program”, they are en- 
titled to all the pay and 


benefits offered by the university to members 


Contact Information 

Home page of Personnel Department, Jinan 

University (https://hrdam.jnu.edu.cn/) 

Tel: 0086-20-85227283 (fax available), 
0086-20-85223525 

Contacts: Mr. Tong, Mr. Liu 

Email: otalents@jnu.edu.cn 

Address: No. 601, Huangpu Avenue West, 

Guangzhou, Guangdong, PRC 


Talents At Home And Abroad Are Invited 
By Harbin Engineering University 
For “Recruitment Program of Global Young Experts” 


arbin Engineering University is located along the 
beautiful Songhua River — Harbin, the “Ice City” in 
the North. The University is a national key university, 
one of the first batch of universities being selected in 
the national “211 Project” construction, entering the 
construction of national “Innovation Platform For Superiority 
Subjects” project, and setting up graduate school. In 2017, 
relying on its distinct “three ocean disciplines and one nuclear 
discipline” (shipping industry, navy equipment, oceanographic 
engineering and nuclear application) characteristic advantages, 
the University is incorporated in the construction of “state-class 
universities and world-class disciplines”. All talents, no matter 
at home or abroad, are welcomed to Harbin Engineering Uni- 
versity. 


I. Posts and Condition 


1. Major in natural science or engineering technology, no more 
than 40 years old; 

2. PHD obtained, as well as at least 3 years of working experi- 
ence in overseas scientific research; 

3. Working as the official teaching or scientific research posi- 
tion in famous overseas universities, scientific research institu- 
tion or enterprise and research institution; 

4. Tip-top talent among peers engaging in the scientific re- 
search field, with the development potential of becoming the 
academic and technical leader of this field; 

5. After the application is approved, the applicant must return 
home and work as full time. In general, the applicant should 
have no working experience in China; if not, the time should 
be within one year. 

For the candidate with excellent performances, his age and 
position time will not be the limitation. 


II. Remuneration and Conditions 

Following remunerations are available for the candidates of 
“Recruitment Program of Global Young Experts”: 

1. To be employed as the professor (third level) and doctoral 
supervisor; 

2. The university provides at least RMB 500,000 Yuan annual 
salary and RMB 300,000 Yuan settling-in allowance; 

3. The central government provides the one-time subsidy for 
RMB 500,000 Yuan; 

4. The central government provides the scientific research 
funds of RMB 1,000,000 — 3,000,000 Yuan ; and the university 
supports the scientific research startup funds at 1:1, and sup- 
ports to establish the academic team; 

5. The university provides one house for at least 80 square me- 
ters or RMB 1-1.5 million Yuan house-purchase subsidy; 

6. To assist to solve the employment of your spouse, preferen- 
tially arrange you children to study in the provincial top class 
kindergarten, primary and middle school. 

7. The candidate who has received the“Recruitment Program 
of Global Young Experts”review but failed to be selected can 
also enjoy the above mentioned remuneration according to the 
academic level after being discussed by the university. 


III. Application Method 


Please send your resume to rencai@hrbeu.edu.cn, we will con- 
tact with you timely. 


Contact information 


Contact person: You Dandan 
Tel: +86-451-82518061 
Email: rencai@hrbeu.edu.cn 


eve) 


[ Join Us-Chang’an University Recruitment Notice 


hang’an University, directly affiliated to the Ministry of Education of the 
People’s Republic of China, is the national “211 Project” key construction 
university, national “985 preponderant Discipline Innovation Platform” and 
the national first-class disciplines construction university. It covers an area 
of more than 3,745 mu (approximately 250 hectares), which is located in 
Xi'an, a famous historical and cultural city. The university comprises two teaching 
campuses and two practice bases. The main campus is adjacent to the Big Wild 
Goose Pagoda of Xi’an, the Weishui campus is located in the Xi’an Economic and 
Technological Development Zone. For more than 60 years, Chang’an University has 
evolved into an influential comprehensive higher institution in China, with engi- 
neering as its main discipline focus, combining engineering with sciences, and with 
multidisciplinary development in economy, management and humanities. 


Chang’an University attaches great importance to the talents team construction. To 
achieve the goal of building a high-level university, it further increases the introduc- 
tion, cultivation and supporting of high-level talents and also strengthens the selection 
and employment of excellent PhD graduates both at home and abroad. As a continu- 
ously expanding institution, we are seeking to recruit talents in natural science, engi- 
neering technology, management, humanities, social sciences and newly-developing 
interdisciplinary professional and technical personnel, especially in the field of traffic 
engineering, land resources and environment and constructional engineering. 


Positions 

1. The 1000 Talents Plan (Long-term Program, 
Short-term Program, Young Program and For- 
eign Scholar Program ) 

2. Changjiang Scholar Program (Specially-Ap- 
pointed Professors,Visiting Professors and Young 
Changjiang Scholars 

3. The 1000 Talents Plan of Shaanxi Province 
(Long-term Program, Short-term Program, 
Young Program and Foreign Scholar Program ) 

4. Chang’an Scholar Support Program(Special- 
ly-Appointed and Visiting Professors ) 

5. Outstanding doctoral and postdoctoral gradu- 
ates at home and abroad 


Offering 

We provide an international platform and envi- 
ronment, excellent start-up endowment, enor- 
mous working spaces, advanced facilities and 
competitive salaries. 


Contact us: 

Talents Plan Recruitment: 

He Yanfei 

Tel: (+ 86-29) 82334069 

E-mail: rcb@chd.edu.cn 

PhD. and Postdoctoral Graduates Recruitment: 
Sun Lin 

Tel: (+ 86-29) 82334137 

E-mail: rsczp@chd.edu.cn 


Address: Middle-section of Nan’er Huan Road 
Xi'an, Shaanxi Province, 710064, China 


Xi’an University of Science and Technology (XUST) is a uni- 
versity co-constructed by the State Administration of Produc- 
tion Safety Supervision and Management and The People's 
Government of Shaanxi Province. As one of the key high-lev- 
el universities in Shaanxi as well as in the middle western are- 
as of China, XUST is an important training base and scientific 
research center which cultivates professionals of geology , 
mining, safety science and engineering. Located in Xi’an, 
the capital city of Shaanxi Province, XUST has two campus- 
es: the head one located in Yanta District and the new one in 
Lintong District. XUST owns 19 colleges and departments, 
6 post-doctoral centers, 7 first-level disciplines and 40 sec- 
ond-level disciplines to award doctoral degree, 25 first-level 
disciplines and 107 second-level disciplines to award master’s 
degree, 18 cultivation programs on Master of Engineering, 1 
program to award master’s degree of MBA and 1 program to 
award master’s degree of MPAcc as well as 56 undergraduate 
programs. Featured in Mining, Geology, and the relevant dis- 
ciplines, it has now grown into a well-rounded university with 
23,000 full-time students, integrating the primary subject of 
engineering with other subjects of science, literature, manage- 
ment, law, economics and art. 


e If you are a candidate of the National Recruitment Pro- 
gram of Global Experts(“the Thousand Talents Plan”) un- 
der the age of 55... 


We will offer you: 
1.An on-campus apartment of 190 m'(free of charge) and dis- 


posable settling-in allowance of RMB 2.2 million yuan; or 
RMB 3.2 million yuan as disposable subsidy. (Both plans in- 
clude a one-off start-up package of RMB 1 million yuan from 
the nation’s central budget) 

2. Sufficient amount of research and lab construction fund for 
talents of different disciplines-RMB 10-15 million yuan for 
Engineering, RMB 3-5 million yuan for Science and RMB 
2-3 million yuan for Humanities. 

3. The title of Second-level Professor and doctoral supervisor, 


Recruitment Announcement of 
Xi’an University of Science and Technology 


provided with salary and benefits conforming to national reg- 
ulations and extra negotiated wages in terms of employment 
contract. 

4. The quota for postgraduate enrollment, a teaching and sci- 
entific research group of 10 members, an assistant as well as a 
car for work. 

5. Relocation of spouse. 


e If you are a candidate of the National Recruitment Pro- 
gram for Young Professionals under the age of 45... 


We will offer you: 


1.An on-campus apartment of 160 m (free of charge) and 
disposable settling-in allowance of RMB 1.3 million yuan; 
or RMB 2.1 million yuan as disposable subsidy. (Both plans 
include a one-off start-up package of RMB 0.5 million yuan 
from the nation’s central budget) 

2. Sufficient amount of research and lab construction fund for 
talents of different disciplines: RMB 3-7 million yuan for En- 
gineering, RMB 2.5-4 million yuan for Science and RMB 1.3- 
3.6 million yuan for Humanities (including research subsidies 
of RMB 1-3 million yuan from the central budget throughout 
the process of the program according to the level and quality). 
3. The title of Forth-level Professor or higher position (with 
identified professorship) and doctoral supervisor, provided 
with salary and benefits conforming to national regulations 
and extra negotiated wages in terms of employment contract. 
4. The quota for postgraduate enrollment, a teaching and sci- 
entific research group of 5-7 members, an assistant as well as 
a car for work. 

5. Relocation of spouse. 


How to contact us 

1. Sending your CV via e-mail: xkdrcb@xust.edu.cn. 
(Please name your CV file in the following format: 
name - specialized field -graduated school.) 

2. Contacting us via WeChat: 78024224 

3. Tel: +86 29 83856208 


online @sciencecareers.org 


Science Careers 


< 
= 
<= 
UY 
= 
Vv) 
Lid 
= 
= 
=) 
_ 
fa 
O 
ou 
o 
O 


online @sciencecareers.org 


cience Careers 


h 


< 
=a 
= 
UY 
= 
Vv) 
tid 
= 
2 
=) 
j 
[a4 
e) 
oO 
oO 
1°) 


ay 
s 


> 


eae aoe 


Guangzhou University Seeking Faculty Applicants for 
the National “Thousand Young Talents Plan” 


About us 

Guangzhou University is a comprehensive 
university named after the national key 
central city of Guangzhou. Guangzhou Uni- 
versity has two campuses - the University 
Town campus and the Gui Huagang Cam- 
pus in downtown Guangzhou. Boasting 
rich teaching resources and state-of-the-art 
scientific and research facilities, the Uni- 
versity enrolls 33,974 students including 
undergraduate and graduate students, PhD 
candidates and post-doctoral candidates. 


Guangzhou University employs 3,000 fac- 
ulty and staff which includes 1,169 profes- 
sors or associate professors. Our prestigious 
faculty include 4 full-time and 6 dual-em- 
ployed academicians of CAS&CAE, 1 full- 
time and 1 short-time employed academi- 
cians of ATSE, 5 Yangtze River Scholars, 
12 experts awarded with The National 
Science Fund for Distinguished Young 
Scholars, and 8 experts of the Thousand 
Talents Plan. With these outstanding re- 
search fellows, Guangzhou University has 
been contracted to various Chinese national 
key research projects, such as the 973 Pro- 
ject, the 863 Project and receiving grants 
for major humanitarian and social sciences 
programs, such as the National Natural Sci- 
ence Foundation Projects and the National 
Social Science Fund Projects. 


Guangzhou University is dedicated to 
developing itself into a leading university 
complementing the status and development 
of Guangzhou city. 


Recruitment Disciplines 

Mathematics, Physics, Chemistry, Astron- 
omy, Geography, Atmospheric science, 
Geology, Biology, Systems Science, Ecol- 
ogy, Statistics, Mechanics, Mechanical En- 
gineering, Optical Engineering, Materials 
Science and Engineering, Electrical Engi- 
neering, Electronic Science and Technolo- 
gy, Information and Communication Engi- 
neering, Control Science and Engineering, 
Computer Science and Technology , Archi- 
tecture, Civil Engineering, Surveying and 
Mapping Science and Engineering, Chem- 
ical Engineering and Technology, Geologi- 


cal Resources and Geological Engineering, 
Environmental Science and Engineering, 
Biomedical Engineering, Food Science and 
Engineering, Urban and Rural Planning, 
Landscape Architecture, Software Engi- 
neering, Bioengineering, Safety Science 
and Engineering. 


Key Development Fields of Guang- 
zhou University 

Intelligent Manufacturing, Mobile Data 
Science and Engineering (including Ad- 
vanced Technology on Cyber Space and 
Intelligent Software), Geography of South- 
ern China, Sustainable Urban Development 
and Living Environment, Development of 
Urban Underground Resources and Space 
in the Pearl River Delta, Life Science and 
Human Health which includes sophisticated 
Gene Editing Engineering. 


Qualifications and Requirements 

e Applicants should be under 40 years old. 
e Applicants should hold a PhD degree 
and have worked overseas with scientific 
research experience of over three years. 

e Applicants should hold an official teach- 
ing or research position at a prestigious 
overseas university, research institution or a 
research department in a renowned compa- 
ny. Applicants should also be a leading fig- 
ure among their peers in their research field 
and have the potential to be an academic or 
technical pioneer. 

e Applicants should have not worked full- 
time in China. For those returning to China, 
applicants should have lived in China for 
no more than a year. 


For newly PhD graduates with outstanding 
research during their study, limits on age, 
working experiences and other qualifica- 
tions can be further reviewed. 


Salary and Benefits 
e An annual salary of at least 800,000 


RMB provided by Guangzhou University. 

e An after-tax housing subsidy of over 2 mil- 
lion RMB provided by Guangzhou University. 
e Startup research funds of over 3 million 
RMB provided by Guangzhou University. 

e Assistance in building a research team. 


e Temporary residence, apartment or a rent- 
al subsidy of 4,000 RMB will be provided 
for three years. 

e Assistance in children’s schooling. 

e Other benefits provided by national, 
Guangdong provincial and Guangzhou mu- 
nicipal government. 


Material Required from Applicants 
e A resume with the applicant’s education- 
al background, work experience, major 
achievements and personal contact infor- 
mation. 

e Teaching and research plan. 

e A catalogue of all applicant papers 
published noting the first author and cor- 
respondent author. In the catalogue, three 
to five representative papers should be pre- 
sented in full length. Reference materials 
for major achievements are also needed. 

e Recommendation letters from three pres- 
tigious experts should be submitted. In the 
recommendation letter, name and e-mail 
address of the expert and where he or she 
works should be noted. 

e Any other relevant materials that the ap- 
plicant believes to be beneficial. 


Guangzhou University recruits outstand- 
ing faculty to apply for the National 
“Thousand Young Talents Plan” through- 
out the year. 


For Further Information: 

Contacts: Mr. TAN Jinghua (Chinese) and 

Ms. XU Duotian (English) 

Tel: 0086-20-39341749 / 20-39366462 

Fax: 0086-20-39366216 

E-mail: gdrsc@gzhu.edu.cn 
xu_dt@gzhu.edu.cn 

Website: http://www.gzhu.edu.cn 

Address: 

Department of Human Resources, Guang- 

zhou University 

230 Waihuan Xi Road 

Guangzhou Higher Education Mega Center 

Guangzhou, 510006 

Guangdong Province, People’s Republic 

of China 


rey 
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President of HNUC,Academician of Chinese Academy of Engineering 


Faculty needed by Hunan University of Commerce 


Hunan University of Commerce (HNUC) was 
founded in 1949 and located in the historically 
and culturally renowned city of Changsha, 
capital city of Hunan Province. It enjoys con- 
venient communications and beautiful environ- 
ments with picturesque Yuelu Mountain to the 
south and rippling Xiang River to the east. It is 
a full-time provincial university to deliver both 
bachelor and master degrees. It was appraised 
as Excellence in the Undergraduate Teaching 
Quality Evaluation Program by the National 
Education Ministry in 2007. During the last 
three years, the university has won various 
honors such as one of the “Applied Univer- 
sities of Industry-Education Project of the 
National Thirteenth-Five-year Plan”; one of 
the first batch of “Top 100 Model Universities 
of Deepening Innovation and Entrepreneurship 
Education Reform”; the National Innova- 
tion and Entrepreneurship Base of Practical 
Education and one of the National Top 50 
Universities of Innovation and Entrepreneur- 
ship. Three major disciplines of the university 
---Theoretical Economics, Applied Economics 
and Business Administration---entered the top 
25% of China’s best disciplines by Shanghai 
Soft Science Ranking in 2017, and was ranked 
19 among financial and economic universities 
by CUAA as well. 

The university is developing in high speed. 
All kinds of talents from home and abroad are 
welcome. 


I. Targets 


1. Professors who have acquired long-term 
tenures or corresponding posts in domestic and 
overseas well- known universities or research 
institutions or associate professors with doctor- 
al degrees under the age of 45 or correspond- 
ing posts are welcome. 

2. High quality PhDs graduated from well- 
known universities or research institutes both 
home and abroad under the age of 35 or candi- 
dates who will graduate before 30th December 
2018 are welcome. 

3. Scholars who have achieved already certain 
academic achievements in some fields, or have 
obvious academic potential with excellent aca- 
demic and professional ethics are welcome. 


If. Requirements and Treatments 
1.Disciplinary (or Direction) chiefs 

1) Majors: 

Theoretical Economics; Applied Econom- 


ics;Management Science and Engineering; 
Business Administration; Accounting; Com- 
puter Science and Technology; Electronics and 
Information Engineering; Big Data Analysis; 
Artificial Intelligence (AI); Cloud Computing; 
Mobile Internet Development and Application; 
Internet of Things; Applied Mathematics; 
Marxist Theory. 


2) Employ Modes and Treatments: 
Mode 1: Full-time 
Academicians; A-level awardees of the “Na- 
tional Thousand Talents Project”; awardees of 
the “National Ten-Thousand Talents Project”: 
salary, settling-in allowance, housing subsidies 
and other relevant matters are negotiable. 
Distinguished/Chair Professors of the “Chang- 
Jiang Scholar”; awardees of National Distin- 
guished Young Scholars Fund; leading schol- 
ars from the National Ten-Thousand Talents 
Project”; awardees of the “National Thousand 
Talents Project”; National-level Selectee of 
“Hundreds, Thousands of Talents Project”; 
chief scientists of the 973 Program; and awar- 
dees of “Hundred Talents Project” of Chinese 
Academy of Sciences: 
@ one-two million RMB for annual salary; 
@) a settling-in allowance of 160 square meter 
housing and purchase subsidies; 


young chief scientists of the 973 Program; 
young leading scholars from “Ten-Thousand 
Talents Project”; “Young Changjiang Schol- 
ars”; awardees of “Young Thousand Talents 
Project”; awardees of National Distinguished 
Young Scholars Fund; and awardees of the 
“Provincial Furong Scholar”: 

@) 0.5-0.8 million RMB for annual salary; 

Qa settling-in allowance of 140 square meter 
housing and purchase subsidies. 


Overseas professors by annual salary system: 
@) 0.5-1 million RMB for annual salary; 

@) 0.3 million RMB for research start-up and 
international exchange fee; 3) 10,000 RMB for 
moving expenses; @) 20,000 RMB for housing 
subsidies per year, if makeshift shelter unavail- 
able during the period of employment. 
Overseas associate professors by annual sala- 
ry system: 

@) 0.4-0.6 million RMB for annual salary; @) 
0.3 million RMB for research start- up and 
international exchange fee; @) 10,000 RMB 
for a settling-in subsidy; @) 20,000 RMB for 


housing subsidies per year, if makeshift shelter 
unavailable during the period of employment. 
2. Scholars with Doctorates 

Majors: 

Economics; E-business; Finance; Insurance; 
Management Science and Engineering; Busi- 
ness Administration; Accounting; Tourism 
Management; Public Administration; Urban 
Management; Engineering Management; Com- 
puter Science and Technology; Electronic and 
Information Engineering; Big Data Analysis; 
Artificial Intelligence; Cloud Computing; Mo- 
bile Internet Development and Application; 
Internet of Things; Statistics; Applied Mathe- 
matics; English, French; Philosophy; Art and 
Design; Physical Education; etc. 

Treatments 

@ 150,000 RMB of settling-in allowance 
and housing subsidies; (2) 100,000 RMB for 
research start-up fee; @) additional 50,000 to 
100,000 RMB for rare talents in such majors 
as Accounting , Finance, Big Data Analysis; 
Artificial Intelligence; Cloud Computing; 
Mobile Internet Development and Application; 
Internet of Things; @ 10,000 RMB of moving 
expenses; (5) rising to basic level associate pro- 
fessor’ s salary after passing annual assessment 
after two years’ work. 

Mode 2: Part-time 

Negotiable. 


II. Application: 

Send the following materials to the email 
rc88688001@163.com of the university’s Tal- 
ents Employment Office: Resume (including 
personal basic information and achievements), 
two letters of recommendation from two pro- 
fessors (If applicants are PhD candidates or 
will graduate in 2018, one of the letters should 
be provided by his/her doctoral supervisor.) All 
relevant materials should be true and valid, any 
falsifier will be disqualified. 


Contact: Mr. Yuan 

Tel: +86 731 88688001 

E-mail: rc88688001@163.com 

Address: Personnel Division of Hunan 
University of Commerce, 569#, Yuelu Ave., 
Changsha city, Hunan Province, P. R. China 
(Zip Code: 410205) 
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NANCHANG INSTITUTE OF ed 


Recruitment Announcement for 2018 Academic Leaders of 


Nanchang Institute of Technology (NIT) 


I. NIT Profile 

NIT is a public undergraduate institution joint- 
ly built by People’s Government of Jiangxi 
Province and the Ministry of Water Resources. 
NIT is dominated by engineering with mul- 
ti-disciplinary coordinated development of 
economics, management, liberal arts, science, 
agriculture, and etc. Located in the provincial 
capital city of Jiangxi, Nanchang City, it is 
formerly known as Jiangxi Institute of Water 
Conservancy and Electric Power founded in 
1958. In September 2011, NIT was approved by 
the Ministry of Education of China as a higher 
institution for “Excellent Engineer Education 
Program” and we started the enrollment of 
postgraduate students of professional master’s 
degree in September 2012. NIT was approved 
to establish postdoctoral innovation practice 
base of Jiangxi in 2015 and was granted mas- 
ter’s degree conferment unit in 2017. The dis- 


JAAN YSU UVB ASTD 


cipline, water conservancy engineering, was 
selected as one of the “First-class Discipline of 
Higher Institutions in Jiangxi”. 

IL. Target: academic leaders 

IIL. Disciplines: water conservancy engineer- 
ing, management sciences and engineering, pow- 
er engineering, architectural and civil engineer- 
ing, electronic and communication engineering 
IV. Benefits 

(1) NIT provides a talent fund of ¥0.5-2 million, 
a research start-up fund of ¥0.5-10 million, basic 
yearly salary of no less than ¥ 300-600 thousand; 
(2) NIT offers assistance to build an academic 
team equipped with assistants and provides 
necessary office and other facilities for teach- 
ing and research. Benefits for the introduction 
of talent team should be negotiated separately. 
(3) A platform construction fund will be provided; 
(4) NIT provides on campus a 120m2 apart- 
ment (equipped with general living facilities 


— 
EA 


“a 


,no property right, free of rent); 

(5) Spouse’s job should be negotiated personally; 
(6) Academic leaders' benefits and assessment 
should be subjected to the determination of 
NIT after argumentation. 

(7) Eligible people can be recommended to 
apply for “‘Thousand-people Plan’ of Jiangxi 
Province for Introducing High-level Talents 
for Innovation and Entrepreneurship”, and the 
selected people will enjoy relevant supporting 
and funding policies (please refer for details to 
“Double-thousand Plan” application website 
http://218.64.59.32/egrantweb). 


Contact Person: REN Changqin 
Tel:+86-(0) 791-88126554 
Email: rsc@nit.edu.cn 
Website: www.nit.edu.cn 


Sincerely invite you to declare “National Project of Thousand Youth Talents” with millions of 
settling-in allowance and millions of starting funds of scientific research! “ ae 


Welcome overseas talents in various were to join Jiangsu University of Science pnd Teehnology: 


Contact us: 


vA 


Address: Personal Degattmenti Jiangsu a ivcPy of fe and Technology, 
2 Mengxi Road, Zhenjiang City, Jiangsu Province 


Telephone: +86-05 | |=84401019 
_ Website: http://rsc.just.edu.cn) 
~ E-mail:-rsc@just.edu.cn 
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outhwest Jiaotong University (SWJTU), 

founded in 1896, is one of the oldest in- 
stitutions of high learning in China. In its proud 
legacy of 120 years, the University has been 
dedicated to Chinese higher education and has 
proudly nurtured generations of engineering 
and scientific leaders. As the most comprehen- 
sive leading research university in transpor- 
tation, SWJTU is world-renown for pioneering 
the Chinese railway transportation engineering 
and industry, and for its leading contributions 
to the development of Chinese high-speed 
rail system. For its sustained excellence and 
prominence, the University is placed among 
the key, elite multidisciplinary “211” and “985” 
Tier-1 universities directly administered by the 
Chinese Ministry of Education. We offer com- 
prehensive education and research programs 
in 19 faculties and institutes/centers, covering 
diverse disciplines in engineering, sciences, 
arts, and management leading from undergrad- 
uate to doctoral degrees. The University boasts 
2,600 outstanding academic staffs, 15 doctor- 
al/ 43 master/ 75 undergraduate programs and 
11 post-doctoral stations, supported by more 
than 30 cutting edge key laboratories at the 
national and provincial levels. 
Located strategically in Chengdu, the capital 
of Sichuan province—the China’s dynamically 
growing West, SWJTU is blessed with rich herit- 
age, unparallel vibrancy, and a beautiful campus. 


Southwest Jiaotong University, Chengdu, China 
Invites Applications for Academic Positions 


“Prosperous and plentiful ever now and then, the 
City flourishes in hibiscus blossoms in no end,” 
as so known, Chengdu has been long renowned 
for its historical and cultural heritage, and for its 
natural beauty and abundance. As a major cul- 
tural and economical center and a transportation 
hub, the City offers first-class cultural experience, 
education, employment, cuisine and living envi- 
ronment. Leveraging on these unique advantages 
and the University’s strengths, SWJTU is vigor- 
ously implementing its strategic plan “Develop- 
ing and Strengthening SWJTU: Attracting and 
Cultivating Talents”. We earnestly look forward 
to your joining our legacy and contributing to the 
University’s continuing excellence. 

More information is available at http://www.swjtu. 
edu.cn/ 

Openings in 

Civil Engineering/Surveying Science and En- 
gineering/Mechanical Engineering 

Science of Transportation and Logics/ Science 
of Information and Communication 

Electrical Engineering/Computer Science and 
Technology 

Materials Science and Technology/Mechanics/ 
Management Science and Technology 
Managing Technology and Innovation/Envi- 
ronmental Science/Architecture 

Physics Science/ Mathematics Science/Life 
Science/Medical Science 

Chemical Science/Humanities and Social Science 


Salary and Fringe Benefits 

Salary will be highly competitive, commensurate 
with qualifications and experiences. The Univer- 
sity offers a comprehensive fringe benefit pack- 
age for eligible appointees, including relocation 
allowances, subsidy of rental residence, start-up 
funds for research. The University is committed 
to proving assistance in establishing scientific 
platform and research group as well.as interna- 
tional-level training and promotion. 

The University also assists the eligible ap- 
pointees in child education. Special arrange- 
ments are open for discussion for exceptional 
appointees. 


How to Apply 

Interested candidates should send a full 
resume, copies of academic credentials, a 
publication list with abstracts of selected 
publications, a research plan, a teaching 
statement, together with names of three 
references to Human Resources Department 
Southwest Jiaotong University Western 
Park of High-Tech Zone Chengdu, Sichuan 
Province, China 611756 

Tel: +86-28-66366202 

Email: talent@swjtu.edu.cn 

For inquiries, please contact Ms. Ye Zeng or 
Mr. Jian Wu at the above addresses. 
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2018 Overseas Career Fair for 


Chinese Universities in Australia 


Thousands of academic job vacancies are in fast-developing China. 


May 25th 
May 26th 


May 27th 


16:10-19:10 (Local Time) 


13:30-16:30 (Local Time) 


Job Fairs in Australia 


The University of Adelaide 


13:30-16:30 (Local Time) 


The University of Melbourne 


Monash University 


Global Virtual Job Fair 


May 27th 


Participation Approach 


08:00-20:00 (Beijing Time) 


Please submit your resume to zhaojia@eol.cn 


Job Vacancies 


in China’s Universities and Institutes Please visit http://www.acabridge.cn/ 


Pre-registration Now Open 


http://www.edu.cn/cv 
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JOB FOCUS 


UNIVERSITY ef MARYLAND 
SCHOOL OF MEDICINE 


DEPARTMENT OF MICROBIOLOGY & IMMUNOLOGY 
AND CENTER FOR VACCINE DEVELOPMENT 
FACULTY POSITION 
Baltimore, Maryland 


The Department of Microbiology & Immunology and the Center for 
Vaccine Development of the Institute for Global Health at the University of 
Maryland School of Medicine is recruiting new or established investigators 
with actively funded research programs in viral vaccines and pathogenesis 
studies. Highly qualified individuals will be considered for tenure-track 
positions at the rank of Assistant, Associate or full Professor. 


The Department and the School of Medicine have significant strengths 
in microbial pathogenesis, vaccine development, HIV biology, genome 
sciences, inflammation, innate and adaptive immunity, clinical infectious 
diseases and international research and training. The Department offers 
excellent laboratory facilities, competitive salary and startup packages, 
and access to numerous core facilities including state-of-the-art BSL3 
and ABSL3 facilities. We are particularly interested in candidates with 
experience in developing vaccines against viral pathogens. 


Successful candidates are expected to maintain active research programs 
and participate in department teaching and service opportunities. 


Interested applicants are invited to submit their applications using the 
following link: 
https://umb.taleo.net/careersection/jobdetail. 
ftl?}job=180000MH &lang=en#.Wt3h8DFq-Rw.email 


Consideration of candidates will begin upon receipt of applications and 
will continue until a suitable candidate is identified. 


The University of Maryland, Baltimore is an Equal Opportunity/ 
Affirmative Action Employer. Minorities, women, individuals with 
disabilities, and protected veterans are encouraged to apply. 


FACULTY POSITION 
Department of Microbiology, 
Immunology & Parasitology 


LSU 


School of Medicine 


NEW ORLEANS 


The Department of Microbiology, Immu- 
nology and Parasitology in the School of Medicine at LSU Health Sciences 
Center in New Orleans, LA invites applications for a full-time, tenure-track 
position in Bacteriology at the academic rank of Assistant or Associate Pro- 
fessor. Applicants should hold a Ph.D., M.D. or equivalent degree. Special 
consideration will be given to candidates with outstanding records of research 
accomplishment in bacterial genomics, pathogenesis of bacterial infections, 
host-bacteria interactions, vaccine development against bacterial disease, or 
microbiomes, who complement existing areas of research strength, including 
Chlamydia/STI and mycobacteria. The Department has a highly interactive 
faculty in the disciplines of bacteriology, virology, mycology, parasitology, 
and immunology. Information on the department can be viewed at: http:// 
www.medschool.lsuhsc.edu/microbiology/. 


The appointee will be expected to maintain an active, extramurally funded 
research program, engage in collaborative research efforts, serve on institu- 
tional and peer-review committees, mentor PhD and MD/PhD graduate stu- 
dents and postdoctoral fellows, and participate in graduate and undergraduate 
teaching programs. Collaborative opportunities are available for interaction 
with researchers in basic science and clinical departments, and in Centers of 
Excellence at the University, who engage in microbiology, immunology and 
genome research. This position is supported by state-of-the-art infrastructure, 
including core laboratories in genomics, proteomics, bioinformatics, imaging, 
flow cytometry, and a BSL-3 facility. The successful candidate will have 
significant laboratory space, a competitive salary, and an excellent start-up 
package commensurate with qualifications and experience. 


LSUHSC encourages women and minority candidates to submit applica- 
tions for this position. Applicants should submit their curriculum vitae that 
includes previous and current research support, teaching experience, a 
statement of research plans, e-prints of three representative publications, 
and the complete contact information of three professional references. 
LSU Health is an Equal Opportunity Employer for females, minorities, 
individuals with disabilities and protected veterans. 
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m Jobs are updated 24/7 


m Search thousands of jobs 
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UCL MRC Laboratory for Molecular Cell Biology The Director represents a key appointment for UCL and the MRC, 
and is central to the continuance and further development of research in 
molecular cell biology in the UK. Only candidates with the appropriate 
Director of the MRC LMCB and Professor of research background and senior management experience will be 

7 considered. The Director will be a Professorial appointment at UCL. 
Molecular Cell Biology Salary will be at a level appropriate to the international standing of the 
successful applicant. For further information about the MRC LMCB, 
please see http://www.ucl.ac.uk/Imcb/ 


London 


online @sciencecareers.org 


Full Time 
The appointment will be on UCL Grade Professorial 


Salary: Competitive salary on the professorial scale, inclusive of London For further information about this post, please see job description 
Allowance. on www.ucl.ac.uk/jobs and search on Reference Number 1724138. 


Applications are invited for the post of Director of the MRC Laboratory For informal enquiries, please contact Professor Mark Marsh 
for Molecular Cell Biology and Professor for Molecular Cell Biology at UCL (Director, MRC LMCB, m.marsh@ucl.ac.uk). 
in London. 
. : For queries regarding the application process, please contact 

Founded by the MRC and UCL in 1993, the MRC LMCB is a research Ms Claire Hebblethwaite (c.hebblethwaite@ucl.ac.uk). 
Institute with a strong international reputation for research excellence 
focused on elucidating fundamental mechanisms underlying cell and tissue For further details about the vacancy and how to apply online please go to 
biology. Consisting of around 20 research groups, it is a highly collaborative _https://www.ucl.ac.uk/human-resources/working-ucl/jobs-ucl and search 
research environment situated at the heart of the central UCL campus. on Reference Number 1724138. 
The new Director will build on LMCB’s world-leading research portfolio, 
and provide strategic leadership and a compelling scientific vision for the Please be sure to attach a copy of your CV, a statement of research 
next phase of its development. interests and vision for the future direction of the MRC LMCB at UCL and 

: : : the contact details (including e-mail addresses) for three academic referees 
The successful applicant will have an outstanding research track record who are leading figures in your field of research including at least one 
that should complement the Institute’s strengths. S/he will have proven based outside your own country of residence. 
leadership experience, excellent communication and interpersonal skills 
and the ability to foster collaborative work within the institute and beyond. Closing Date: 10 June 2018 
The appointee will be expected to attract research funding and to articulate Latest time for the submission of applications: 23:59 
a clear and compelling vision for the support and further development Interview Date: To be held throughout June and July 2018 (TBC) 
of the LMCB’s cutting-edge technology development platforms, and for 
post-graduate training in cell biology. The post holder will also mentor staff We particularly welcome female applicants and those from an ethnic 
in keeping with the main scientific mission of the LMCB. The LMCB is a minority, as they are under-represented within UCL at this level. 
Division within the UCL Faculty of Life Sciences and s/he should have the 
ability to work as part of a strong and collaborative Faculty team. 
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We will consider applications to work on a part-time, flexible and job share 


UPMC | cancer center 


Advance your ae salina est iors 
: Affiliated with the University of Pittsburgh School of Medicine 
Relce) with expert Cancer Research Faculty 
advice from The UPMC Hillman Cancer Center, celebrating its 27" year as a leading center 


for cancer research, is recruiting outstanding faculty at the Assistant, Associate 
and Professor levels to join established programs in Cancer Biology, with a 
focus on metastases, hormone response and signaling. 


Science Careers. 


Successful candidates will have an exceptional scientific research record and 
will join in tenure-track or tenured faculty positions that are commensurate 
with prior training and experience. A competitive salary and research start-up 
package will be provided, as well as laboratory and office space within the 
state-of-the-art Hillman Cancer Center or Magee-Womens Research Institute. 


Located in the city of Pittsburgh (routinely ranked as one of the top most livable 
and affordable U.S. cities), Hillman (previously known as the University of 
Pittsburgh Cancer Institute) is an NCI-designated Comprehensive Cancer 
Center with 344 members; 10 research programs in basic, translational, clinical, 
and population sciences; 13 shared resources that receive funding from our 
NCI Cancer Center Support Grant; and an FY17 institutional funding base of 
nearly $157 million. In FY 16, the University of Pittsburgh ranked #5 in overall 
NIH funding. Hillman Cancer Center serves a catchment area of 29 Western 
Pennsylvania counties and provides unique opportunities to collaborate with 
. clinical and translational research programs involved in cancer patient care. 


To apply for a position, please send your curriculum vitae, a one-page summary 
of your research plans (together with recommendations) to Hillman Director 
Robert L. Ferris, MD, PhD, care of thompsonla3@upmce.edu. Applications 
Download Free Career Advice Booklets! will be reviewed and evaluated on an ongoing basis, following the receipt of 
ScienceCareers.org/booklets all required materials. The University of Pittsburgh is an Affirmative Action, 


Equal Opportunity Employer. EEO/AA/M/F/Vets/Disabled. 


peatULedwlOp ics: Robert L. Ferris, MD, PhD, Director, UPMC Hillman Cancer Center 


c/o Lola Thompson, 5150 Centre Avenue, Suite 500 
Pittsburgh, PA 15232 
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WORKING LIFE 


By Barbara A. Wanchisen 
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There’s no shame in leaving 


urrounded by half-unpacked boxes in my new home, alone in a new city, and just starting 
to get a feel for a new job, I was plagued by suspicions that I had made the wrong choice. 
Maybe the naysayers were right. Maybe I was crazy to leave my tenured post in the Midwest, 
not to mention my friends and colleagues, for a job as the executive director of a small non- 
profit organization in Washington, D.C. But I had spent a lifetime in academia, and I was 


excited to explore this new world. 


I had started thinking about leav- 
ing academia shortly after receiv- 
ing tenure 7 years earlier. I had 
achieved the ultimate prize for most 
academics, but I feared boredom— 
and eventually felt it. I tried to 
push those uneasy feelings away 
and find peace in my research and 
service to the university. But sat- 
isfaction was fleeting. By the time 
a sabbatical rolled around, I had 
decided that I needed to try some- 
thing entirely different. 

I wasn’t sure exactly what that 
should be, but I figured that ap- 
plying for yearlong fellowships that 
required a Ph.D. would be a good 
start. Most of these were in public 
policy, and I envisioned using my 
scientific approach to help ad- 
dress policy issues as a natural 
extension of my experience doing 
basic research. So, I submitted my 
applications—and watched the rejections stack up. 

Then a friend suggested that I contact my congressper- 
son for help. Surely he wouldn’t talk to me, I thought. Even 
if he did, he wouldn’t have a clue as to what I should do. 
But to my surprise, he agreed to a phone call. After I gave 
my speech about who I was and what I wanted to do, he 
simply asked, “Do you want to come work with me on a 
peace initiative?” At first, I was speechless. Then I blurted 
something like, “Yes, yes, yes!” 

I had to make a new life and figure out how to fit into 
this fast-paced world, where many of my colleagues were the 
same age as the students I had been teaching. I was encour- 
aged, however, when I met people like me but a step further: 
scientists who had found happiness in “nontraditional” jobs. 
When my sabbatical ended, I returned to my university post, 
but my experience had confirmed that it was time for me to 
find another career path. I had made many friends over the 
years and built a laboratory from the ground up, but some- 
thing in me said that it’s now or never. 


“Thad spent a lifetime in 
academia, and I was excited 
to explore this new world.” 


A few months later, I got a call 
about a job in Washington, D.C. 
With the wind at my back, the in- 
terview felt like one of the easiest 
I had ever done, which I took to 
mean that the job would be a good 
fit. When I got the offer, I didn’t 
hesitate to take it. 

The transition had its chal- 
lenges. At my university, I had been 
established and respected; now, 
I felt like I was starting over. But 
it didn’t take too long to develop 
a vibrant new community, and I 
felt renewed energy for my work. 
At times, it was scary to be doing 
something that felt so foreign, but 
the skills and approaches that I 
had honed in academia helped me 
figure out how to get the job done. 
And a few years in this first job led 
me to an even more fulfilling po- 
sition, at a different organization, 
which I have now held for more than a decade. 

In talking to other faculty members over the years, I 
found that some wished they had other career options, 
but most keep such thoughts to themselves. It is sim- 
ply in the culture of academia to covet a tenured posi- 
tion. But if unhappy academics would move out of those 
jobs, opening niches for newer Ph.D. recipients, the 
world could be a happier place. We tell students to take 
risks and try new things, and there is nothing like do- 
ing it yourself to see how hard that can be—but also how 
rewarding. Above all, there is no shame in wanting to 
leave academia, no matter your career stage, and then 
actually doing it. 


Barbara A. Wanchisen is the director of the Board on 
Behavioral, Cognitive, and Sensory Sciences at the 
National Academies of Sciences, Engineering, and 
Medicine in Washington, D.C. Do you have an interesting 
career story? Send it to SciCareerEditor @aaas.org. 
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